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Shock waves in the void of space. 

The echoes of ancient languages. 

What does energy really cost? 



If tyrannosaurs ran, how fast did they go? 
The art of shipbuilding provides a clue. 
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This microchip converts 
analog signals into digital 
signals - essential for the 
incorporation of ISDN into 
the existing telephone 
network. In ISDN, the new 


form of integrated 
communication, conver¬ 


sations, texts, images and 
data are sent via a single 


telephone cable. 
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The Real Cost of Energy 

Harold M. Hubbard 


Gas prices only seem high* When you say “fflerup," you pay but a fraction of the 
actual cost. Not included are the tens of billions (dose to $50 for each barrel of oil) 
the military spends annually to protect oil fields in the Persian Gulf. Then tack on 
the hidden costs of environmental degradation, health effects, lost employment, 
government subsidies and more. Sooner or later, the public pays the entire price. 



The Structure of Quasicrystals 

Peter W. Stephens and Alan I. Goldman 

In 1984 scientists at the National Institute of Standards and Technology 
rapidly solidified an aluminum alloy. Instead of the expected amorphous, 
glassy material, the result was tiny grains that displayed a curious, fivefold 
symmetry 7 . Now researchers are making progress in understanding the atomic 
structure of these unique forms of matter known as quasicrystals. 



Molecular Zippers in Gene Regulation 

Steven Lanier Me Knight 


Skin and liver cells are distinct because they produce different sets of proteins. 
Yet both types of cells carry the same set of genes. This researcher set out to find 
the mechanism thal turns on key genes. In an interesting piece of detective work, 
he and others identified an intriguing class of regulatory' proteins. Two of these 
proteins must u zip” together before they can activate the genes they control. 



Collisionless Shock Waves 

Roald Z. Sagdeev and Charles F. Kennel 

The sonic boom of a jet aircraft is caused by a shock wave carried along by 
molecules colliding in die air. In the near vaccuum of space, particle collisions 
are rare. Yet, as the authors theorized years ago, shock waves do exist in space, 
transmitted through the tenuous plasma by electric and magnetic fields. These 
shock waves help explain some of the most violent phenomena in the miiverse. 
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Hepatitis B Virus 

Pierre Tiollais and Marie-Annick Buendia 

'The toll that this tiny, insidious virus exacts is enormous. It can cause serious 
acute infections, lie hidden for years in carriers who transmit it to others, even 
trigger cancer, it is also one of the first viruses to come under the powerful 
scrutiny of recombinant DNA technology'. Its genome, structure and life cycle 
have been elucidated; diagnostic tests and vaccines have been developed. 
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Science in Pictures 

Photochromic and Photosensitive Glass 

Donald M. Trotter, Jr. 

Eyeglasses that darken in sunlight and lighten in the dark are just the most com¬ 
mon example of glass that reacts to light. Other applications for photochromic 
and photosensitive glasses range from precision parts to microlenses and art. 



How Dinosaurs Ran 

R. McNeill Alexander 


If all you had to go by were footprints in mud and a few bones, you might con¬ 
clude that humans do not run. Similarly, it is unclear whether dinosaurs plodded 
or galloped or pranced. With some physical principles from naval architecture and 
mechanical engineering, the author calculates that he could outrun Tyrannosaurus. 



Trends in Linguistics 

Hard Words 

Philip E. Ross, staff writer 


What's in a word? If it's tik, the answer is controversy. Linguists are at each 
other’s throats over attempts to trace language to ancient roots. Some radicals 
believe that they can discern echoes of words not spoken for millennia and 
that it is possible to relate all languages to a single tongue spoken by the 
first humans. Conservatives think the radicals bark up the wrong tree. 
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Environmental rules stimulate 
innovation; they don't stifle it. 
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THE COVER painting depicts the 
carnivorous dinosaur lyranncr 
saurus and, in the background, the 
herbivore Triceratops. How quickly 
these massive creatures of the Meso¬ 
zoic era moved remains a mystery 
since they cannoi be directly ob- 
served. But careful calculations, 
based on the principles of physics 
and structural engineering, could 
yield an answer (see u How Dino¬ 
saurs Ran," by R. McNeill Alexander, 
page 62). 
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LETTERS 



Cosmic Musings 

To the Editors: 

After reading “Universal Truths/' by 
John Morgan [Scientific .American, 
October 1990], I felt that I was hearing 
an updated medieval argument about 
how many angels could dance on the 
head of a pin. It seems that count¬ 
ing angels is no longer in fashion and 
that our philosophers, the cosmolo- 
gists, now try to explain how the uni¬ 
verse w r as created. 

Is the universe infinite or finite? How 
does anyone postulate a universe with 
only an inside? .And what about the 
big bang itself, the most bodacious ex¬ 
plosion ever: a fireball a billion miles 
or more in diameter, expanding at light 
speed but maintaining a uniform den¬ 
sity. Believing in that requires an act of 
faith equivalent to accepting that enu¬ 
merable angels dance on pins. 

By the way, it should be obvious i en¬ 
joyed the article. 

Robert j. Starks 
Prospect Heights, LIE 


Whilher the Dinosaurs? 

To the Editors: 

I was disappointed that the twin arti¬ 
cles on the causes of dinosaur extinc¬ 
tions (“An Extraterrestrial Impact,” by 
Walter Alvarez and Frank Asaro, and 
“A Volcanic Eruption/' by Vincent E. 
Courtillot; Scientific American, Octo¬ 
ber 1990] were not accompanied by a 
third, it could have explained our igno¬ 
rance about whether dinosaurs disap¬ 
peared gradually or suddenly, at differ¬ 
ent times in different places or all at 
once. We know too little about what 
happened 65 million years ago to say 
why it happened. 

The global fires, super-chills, super¬ 
greenhouse effects, burning acid rain 
and similar catastrophes proposed by 
the advocates of impact and volcan- 
ism explanations are supposed to have 
been so severe that freshwater organ¬ 
isms were the main survivors. Yet many 
birds survived, too. Birds are so eas¬ 
ily starved, poisoned and asphyxiated 
that they have become standard en¬ 


vironmental indicators in coal mines 
and elsewhere. If many of them lived 
through the disaster at the end of the 
Cretaceous period (KT boundary), why 
not their dinosaur relatives? 

After all, dinosaurs did survive the 
formation of enormous craters and vol¬ 
canic traps in the Mesozoic era. Rather 
than dropping sharply in diversity and 
size after those events, dinosaurs stead¬ 
ily increased their diversity. Like large 
mammals, big dinosaurs bad long limbs 
that allowed them to disperse wide¬ 
ly. And unlike large mammals, which 
breed slowly, dinosaurs laid dozens or 
even hundreds of eggs. How could ev¬ 
ery breeding population of such ani¬ 
mals be killed? The dinosaur extinction 
is one of the most extraordinary and 
complex events in earth history, and it 
is one that we will not understand for a 
long time. 

Gregory S. Paul 
Baltimore, Md. 

To the Editors: 

A recent analysis of 150,000 verte¬ 
brate fossils from the KT boundary 
that my colleague Laurie Bryant and 1 
conducted shows that in the western 
interior of North America, only 35 per¬ 
cent or so of the species became de¬ 
monstrably extinct. That figure, which 
is based on actual counts of specimens, 
differs from the 50 to 75 percent ex¬ 
tinction figures given by the authors. 
As far as I know, those numbers are 
only estimates. 

All the single-cause theories of extinc¬ 
tion have a common weakness: they 
simply explain too much. The taxo¬ 
nomic groups that were most affect¬ 
ed at die KT boundary were the sharks 
and their relatives, the lizards, the or- 
nithischian and nonavian saurischian 
dinosaurs and the marsupials. Some of 
those declines can be tied to trends 
documented in the rock and fossil rec¬ 
ords, such as the fragmentation of hab¬ 
itats and competition between marsu¬ 
pial and placental mammals. 

The fossil record is central to test¬ 
ing the idea of a KT mass extinction. 
Without a beLter understanding of it, 
all the asteroids and volcanoes are for 
naught. 

J. David Archibald 
Department of Biology 7 
San Diego State University' 

To the Editors: 

Alvarez and Asaro show that the di¬ 
nosaurs died out quickly, perhaps in as 
hide as 50 years. Courtillot shows that 
the dinosaurs died out slowly. Each ar¬ 
ticle seems to be scientifically bullet¬ 


proof, yet at least one of them is full 
of holes. 

Norman Cutter 
Las Vegas, Nev. 

Editor's note: 

Many readers wrote to suggesL that 
an extraterrestrial impact might have 
triggered volcanic eruptions at the KT 
boundary. This possibility was briefly 
mentioned in both articles. No known 
geologic mechanisms, however, can yet 
couple the two phenomena. 


Hemp Hassles 

To the Editors: 

I enjoyed your discussion of the many 
nonsmoking commercial uses of the 
hemp plant r alias marijuana [“Science 
and the Citizen," Scientific Ameri¬ 
can, December 1990]. One small point 
needs to be clarified, however: I am the 
sole founder and national director of 
the Business Alliance for Commerce in 
Hemp (BACH). Jack Merer is not di¬ 
rectly affiliated with us. 

Ironically, in that same issue, “50 and 
100 Years Ago” reprinted a 1940 item 
about how Du Font’s first nylon plant 
might replace a third of U.S. silk im¬ 
ports by 1942. Farm-grown hemp fiber 
could, of course, have met the entire 
silk demand—but it had been oudawed 
in 1938 at the urging of Du Pont and 
Other special interests. 

Chius Conrad 
National Director, BACH 
Los Angeles, Calif. 


ERRATA 

An incorrect price was listed for a 
book reviewed in the January issue, Rain¬ 
forests: A Guide to Research and Tourist 
Facilities in Selected Tropical Forest Sites 
in Central and ,South America f by James 
L. Castner. The price is actually $21.95, 
or $23.45 postpaid. 

The table of contents for the February 7 
issue incorrectly listed the name of the 
third co-author of 11 X-ray Microscopes." 
The authors are Malcolm R . Howells, Jan¬ 
os Kirz and David Sayre. The accompa¬ 
nying paragraph also erred: three-dimen¬ 
sional imaging is theoretically possible, 
but it has not yet been realized. 

In M Mathematical Recreations” for No¬ 
vember 1990, the value of $10,585 after 
5.5 percent inflation w r as misstated. It is 
$10,033.18. 

We apologize for having suggested, in 
a recent profile of Robert C. Gallo 1“Sci¬ 
ence and the Citizen,” Scientific Ameri¬ 
can, January], that Allan J. Erslev of Jef¬ 
ferson Medical College is deceased: He is 
still very much aEve. 
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50 and ioo 

YEARS AGO 


APRIL 1941: “Several years ago The 
Universal Council for Psychic Research 
posted an award of $10,000.00 to any 
medium who can produce any super¬ 
natural manifestation which its Chair¬ 
man, Dunninger, cannot duplicate or 
explain through scientific means. To 
this still standing award, Scientific 
American now adds $5,000.00 as a fur¬ 
ther incentive, the award to be avail¬ 
able for two years.” 

“By means of language, tradition, 
and writing, the experiences of past 
generations can be handed on to pres¬ 
ent and future ones, and thus each 
generation may receive the knowledge 
accumulated in the past. Our knowl¬ 
edge is growing, but is our intellectual 
capacity increasing? Do the best minds 
of today excel the minds of Socrates, 
Plato and Aristotle?" 

“Inside the Sun, the collisions be¬ 
tween atomic nuclei cause a gradual 
transformation of hydrogen into he¬ 
lium, which supplies the energy that 
they radiate. These atomic encounters 
should be more numerous inside a 
white dwarf, in proportion to the densi¬ 


ty. With the same internal temperature 
we should expect thousands of times 
more heat to be produced than in the 
Sun, and yet the amount actually pro¬ 
duced cannot be greater than that 
which the star radiates—less than 1 
percent of the Sun’s output. Here is 
a discrepancy of 1,000,000 to one, or 
more. The only way to explain it ap¬ 
pears to be to assume that the atoms 
which, by their reactions, produce heat 
within the Sun, are enormously less 
abundant in the white dwarfs.” 

“Discovery' that the musical ring can 
be squeezed out of copper and then 
pounded back into it suggests a clue to 
why some materials are hard and oth¬ 
ers soft. Dr. Thomas A. Read, Westing- 
house Research Fellow, reported the 
discovery before the American Physi¬ 
cal Society. He illustrated the discovery 
by gently tapping a bar of copper cast 
from molten metal. It rang as clear¬ 
ly as a tuning fork, but after it had 
been squeezed in a press, or even just 
dropped on a table, it answered with 
a dull ‘dunk’ when tapped with a 
hammer. Yet when the bar was pound¬ 
ed or cold-worked thoroughly, its lost 
ring returned. While no one is yet sure 
why the metal loses its ability to ring 
and then regains it, Dr. Read said, the 
most likely explanation is that dislocat¬ 
ed copper atoms stifle the ring.” 



APRIL 1891: “As many years are now 
required as months formerly to build 


and arm a modem battle ship. What fol¬ 
ly, therefore, to talk of creating a navy 
in an emergency. If we are to have a 
navy at all, let us have one that can 
whip the enemy if we must fight, and 
one that will be a school of the high¬ 
est form of mechanical education if we 
shall be blessed with peace.” 

“Are we fatally obeying a law of 
nature—that law formulated in these 
words of the Scriptures: 'Dust thou art, 
and unto dust shalt thou return’? Dr. 
Variot, one of the most distinguished 
physicians of the Paris hospitals, an¬ 
swers this question by proposing to his 
contemporaries the use of electro-met- 
allurgic processes for obtaining inde¬ 
structible mummies. The doctor metal¬ 
lizes our entire cadaver. He surrounds 
it with an envelope of bronze, copper, 
nickel, gold or silver, according to the 
caprices or wealth of those who survive 
us. The inventor of the process accords 
to the total metallization of the body 
but slight importance. The object of his 
researches has been more especially to 
give the museums and laboratories of 
our faculties of medicine very faithful, 
very exact specimens, rather than to 
rescue our cadavers from the worms of 
the grave.” 

“A method of extracting teeth with¬ 
out pain was recently demonstrated in 
London. An electrical arrangement em¬ 
ploys a couple of bichromate cells and 
a Ruhmkorff’s coil to which is attached 
a commutator of extreme sensitiveness. 
A patient takes the handles of the bat¬ 
tery in his hands. One of these is con¬ 
nected with the negative pole. The pos¬ 
itive is divided into two, so that one 
of the divisions is connected with the 
handle and a wire from the other divi¬ 
sion is screwed into the handle of the 
tooth forceps. When the patient takes 
hold of the handles the current is grad¬ 
ually increased in intensity until the pa¬ 
tient can bear no more; then, while the 
forceps are being introduced, the cur¬ 
rent is turned off for a second, and on 
again. 'Had you no pain?' asked our 
representative of the patient when the 
roots of the bicuspid were held up to 
view. ‘Not a bit; 1 only felt the grip.’” 

"One of the ‘hits’ of Messrs. Montre¬ 
al and Blondeau’s ‘Paris Port de Mer,’ 
played at the Varieties Theater, is a 
horse race. The horses are free from 
all restraint, and really gallop, but the 
ground disappears under their feet, 
moving in a direction opposite that 
of their running, and the landscape 
as well as the fences also fly in a direc¬ 
tion contrary' to the forward motion of 
the horses.” 



Running in place 
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A New Dimension 



Carl Zeiss 
7082 Oberkochen 


Photogrammetfic survey of the Alpine 
foothills Greater Munich and 
the Inn Valley. Taken from an attitude of 
250 km with a Carl Zeiss RMK A 50/23 
aerial survey camera during the D 1 mission 
(Spacelab). Photo by: ESA/DFR. 


Performance 


Carl Zeiss 
and Quality 


Carl Zeiss has created the 
optimum equipment for preci¬ 
sion surveying of the earth’s 
surface, the determination of 
environmental changes and 
therefore for the effective plan¬ 
ning of living space on earth. 

The photogram metric- 
cartographic system PHOCUS 
and the Planicomp computer- 
controlled plotting systems 
offer cost-effective high-preci¬ 
sion plotting of satellite, 
aerial and close-range photos. 
The results of the plotting 
process are three-dimensional 
digital object and terrain 
models. 

This trend-setting technol¬ 
ogy would be inconceivable 
without our vast experience in 
precision engineering, optics, 
electronics and data processing. 






SCIENCE and the CITIZEN 


Cold Start 

Policies on global warming 
and energy don't move critics 


W hen delegates from 101 na¬ 
tions gathered in Chantilly, 
Va., in February' for the first 
round of negotiations toward an in¬ 
ternational agreement on global warm¬ 
ing, they were presented with what ap¬ 
peared to be a new U.S. initiative. It was 
a slick color brochure detailing “Ameri¬ 
ca's Climate Change Strategy,' 1 There 
was also word that the Bush adminis¬ 
tration would soon roll out its long-de¬ 
layed national energy policy. 

To some present, it appeared that the 
administration might finally be moving 
toward an integrated strategy on global 
wanning and energy' use. But that first 
impression proved misleading. The cli¬ 
mate change strategy' offered nothing 
new. The U.S. energy' policy, which was 
announced in late February, was a di¬ 
rect descendant of Reagan era supply- 
side economics that barely paid lip ser¬ 
vice to energy conservation. 

In the end, the Intergovernmental 
Negotiating Committee had precious 
little to show for two weeks' work in 
Chantilly, Reined in by White House 
Chief of Staff John 11. Sununu, U.S. ne¬ 
gotiators agreed only to the establish¬ 
ment of two working groups: one 
to consider what kind of “appro¬ 
priate commirments" might be 
made to counter warming and one 
to think about how they might be 
implemented. “They have deter¬ 
mined only the shape of the nego¬ 
tiating table," complained Michael 
Oppcnheimer of the Environmen¬ 
tal Defense Fund. 

It was dear before the confer¬ 
ence began that progress would 
be difficult if the US., which emits 
20 percent of the greenhouse gas¬ 
es that warm the atmosphere, con¬ 
tinued to oppose cutbacks in emis¬ 
sions. Several European countries, 
as well as Australia and New Zea¬ 
land, had previously committed 
themselves to reducing emissions 
of carbon dioxide by 20 percent 
over the next decade. Meanwhile 
Canada and Japan had said they 
will only stabilize their emissions. 

The U.S. document simply ex¬ 
plained that actions the federal 
government has already taken will 
result in its greenhouse gas cmis- 



Genes for mortality, 
new neutrino conundrums, 
dioxin whitewash , 
John Sununu up close 

sions in the year 2000 being “equal 
to or below the 1087 level.” “No oth¬ 
er country' in the world, so far as l 
know, can make that claim,” bragged 
President Bush's science adviser, D. 
Allan Bromley, to a Washington press 
conference. 

The “strategy,” however, is a predic¬ 
tion rather than a commitment, and it 
hardly represents a policy shift. The 
U.S. claim that its emissions in the year 
2000 will be no greater than in 1987 is 
based on a new way of assessing green¬ 
house gas emissions that combines the 
future warming potential of many gas¬ 
es, not just carbon dioxide. 

The gases listed in the new index of 
global warming potential include chlo¬ 
rofluorocarbon s, which arc already be¬ 
ing phased out. Over the next decade. 


other domestic pollution and efficiency 
measures will probably reduce or slow 
the growth in emissions of other pol¬ 
luting gases, such as methane, nitrogen 
oxides, volatile organic compounds 
and carbon monoxide. Only because of 
these previously decided actions is the 
U.S. contribution to greenhouse warm¬ 
ing expected to remain constant for the 
next 10 years—and then only if the 
economy performs as expected. Under 
present policies, total U.S, greenhouse 
gas emissions wHI start to grow again 
after the year 2000. 

The U.S. negotiators took political 
advantage of the new counting method 
by successfully opposing moves that 
would have entailed separate exami¬ 
nation of carbon dioxide sources and 
sinks. Advocates of more radical action 
to curb greenhouse emissions criticize 
the approach. Forty -one senators pro¬ 
posed a resolution taking the adminis¬ 
tration to task. One of them, A1 Gore 
of Tennessee, who has made global 
warming a personal crusade, called the 
strategy a “dishonest subterfuge." 

The go-slow approach of the U.S. ne¬ 
gotiators w f as underscored by a report 
from the congressional Office of Tech¬ 
nology Assessment that was issued 
during the Chantilly conference. The 
OTA takes issue with the notion that it 
is impossible to make substantial cuts 
in carbon dioxide emissions without 
sacrificing public comfort and con¬ 
venience. Such cutbacks, Sununu 
has argued, reflect an “antigrowth 
agenda." 

The OTA concludes that the U.S. 
could within the next 25 years de¬ 
crease its emissions of carbon di¬ 
oxide by 35 percent from 1987 
levels without major technological 
breakthroughs. The cost of such a 
course is uncertain, although the 
ota admits it could be as much 
as 1.8 percent of GNP. But a 
more moderate set of options that 
w'ould limit increases to 15 per¬ 
cent over 25 years would probably 
save money, the ota believes. If no 
special effort is made, in contrast, 
the OTA estimates that U.S. carbon 
dioxide emissions will increase 50 
percent by the year 2015. 

The technical options that the 
ota identifies for reducing emis¬ 
sions include improving gener¬ 
ating efficiency and encouraging 
conversion to more carbon-effi¬ 
cient fuels such as natural gas, as 
well as making greater use of non- 


Results of an Energy Strategy 

The Bush administration projects that its 
energy initiatives will have the following effects, 
based on a hypothetical “current policy base.” 
These computerized projections, however, in¬ 
clude changes already mandated by the 1990 
amendments to the Clean Air Act. 

INCREASE: 

a Domestic oil production by 3.8 billion barrels a day 
to 12 million barrels a day by the year 2010. 
Nuclear power generation to 21 percent of installed 
capacity by 2030, from 20 percent at present, 
preventing a projected decline in share, 

- Natural gas consumption by one trillion cubic feet, 
or 3 percent, by 2000. 

The share of electricity generated from renewable 
resources by 10 percent by 2010. 

REDUCE: 

0 Oif imports by 3.4 million barrels a day by 2010. 

Total U.S. oil consumption from 22.5 million to 
19.0 million barrels a day by 2010. 

Barrels of oil consumed for each $1 million of 
gross national product from 2.4 to 2.0 by 2010. 


SOURCEU.S. Department of Energy 
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fossil fuels. Also important would be 
increasing energy efficiency by the end- 
user, where the biggest savings would 
come from better building design and 
more efficient lighting and industrial 
processes. But in order to stimulate 
consumers and companies to make use 
of the most efficient and least pollut¬ 
ing technologies, such measures as tax¬ 
es, tradable permits, regulations, incen¬ 
tives and information programs would 
be needed. 

These kinds of recommendations are 
glaringly absent from the administra¬ 
tion's long-awaited energy policy, which 
carefully sidestepped the term “policy” 
with the designation “National Ener¬ 
gy Strategy," Almost all the earlier pro¬ 
posed regulations and incentives for 
improved fuel efficiency and increased 
use of renewable energy were whitded 
out in cabinet and subsequent White 
House reviews. 

Administration officials say such pro¬ 
posals were likened to Carter era leg¬ 
islation, which is the mark of politi¬ 
cal death in the antiregulatory White 
House. (Notably, the $2.5 billion of tax 
credits the oil industry received last 
year seem to be exempt from such crit¬ 
icism.) One proposal that never made 
it into the energy strategy was a plan 
to increase substantially fuel-efficiency 
standards for automobiles. Other casu¬ 
alties include mandatory building-effi¬ 
ciency standards and production incen¬ 
tives for renewable energy sources. Al¬ 
though the strategy' calls for research 
aimed at improving fuel efficiency, no 
strong incentives are provided. 

More than anything, Lhe energy strat¬ 
egy reflected the Bush administration's 
foreign policy and a continuing faith 
in supply-side economics. Against the 
promise of a successful campaign in 
the Persian Gulf conflict, which sent oil 
prices plunging to near pre-war levels, 
the energy plan called for increased do¬ 
mestic exploration, particularly in the 
Arctic National Wildlife Refuge, and de¬ 
regulation of natural gas pipelines and 
electric utilities. The administration 
contends that domestic energy supplies 
can be increased sufficiently to hold 
imports to 40 to 45 percent of demand 
through the year 2010. “Don’t kid your¬ 
self, the war is about energy," declares 
Senator J. Bennett Johnston of Louisi¬ 
ana, who is part of a bipartisan coali¬ 
tion sponsoring legislation that would 
mandate conservation and efficiency. 

The global warming debate is now 
going on behind closed doors, until the 
delegates meet again in June. Mean¬ 
while the energy policy will be taken 
up by a Congress that appears keen to 
play a part in the debate. Some 80 bills 
have already been put forward that 


would make up for the measures delet¬ 
ed by the administration, including a 
measure that would increase automo¬ 
tive fuel efficiency to 40 miles per gal¬ 
lon over the next decade. 

The debate is likely to be rancor¬ 


ous. As one disgruntled Energy Depart¬ 
ment official put it: “In order to de¬ 
crease reliance on fossil fuels, you ei¬ 
ther have to raise the price of gasoline 
or regulate efficiency. What we have is 
neither.” —Tim Beardsley 


Tracking the Missing Carbon 

O ne of the biggest uncertainties about the greenhouse effect is the 
mystery of the "missing carbon." Fossil-fuel burning adds about six 
billion tons of carbon to the atmosphere each year in the form of 
carbon dioxide, and deforestation and topsoil erosion may add three billion 
tons more. Yet the amount of extra carbon that appears in the atmosphere 
each year is only 3.5 billion tons. Another 1.5 billion tons dissolve in the 
ocean. The remaining four billion tons vanish without a trace. 

Some researchers think that trees may be a missing piece of the puzzle. 
They cite research showing that forests, stimulated by increasing levels of 
carbon dioxide, could soak up far more carbon than previously predicted. 

Last year Pieter P. Tans, a researcher at the National Oceanic and Atmo¬ 
spheric Administration, and his colleagues concluded on the basis of com¬ 
puter models that two or three billion tons of carbon dioxide are disappear¬ 
ing into an unknown terrestrial "sink" that lies in northern temperate lati¬ 
tudes. Meanwhile experiments by Boyd Strain, a botanist at Duke University, 
and others have demonstrated a "fertilization effect" of extra carbon diox¬ 
ide—plants grow faster and remove more of the gas from the atmosphere. 

This effect, acting on forests, could in principle explain the fate of at least 
some of the missing carbon. Some experiments have shown that plants 
grow relatively larger root systems when carbon dioxide levels are increased. 
If trees are growing larger roots, researchers would probably not have no¬ 
ticed— weighing a tree's roots is a difficult operation. 

To test the idea, Richard J. Norby, a botanist at Oak Ridge National Labora¬ 
tory, is growing trees in atmospheres of elevated carbon dioxide with their 
roots in the ground (see photograph below). After two years, he reports that 
white oaks are showing sustained increased growth with extra carbon diox¬ 
ide. White poplars respond marginally, but their leaves become smaller, a 
possible compensatory response. Norby has not yet dug up any trees to see 
whether their roots have grown faster. 

Even if trees are storing missing carbon in their roots, the effect is not like¬ 
ly to affect greatly the pace of rising atmospheric carbon dioxide, says An¬ 
thony W. King of Oak Ridge. But Tans is more hopeful: "I can be an optimist 
and say, 'Great, nature is helping us here—we might be able to delay climat¬ 
ic change by growing forests on a large scale.'" —Tim Beardsley 
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Homing in on a Gene for Aging 

IMMORTAL 


1 A recessive gene A - gives the ability 
to divide indefinitely to some abnormal 
cells, such as those in tumors. 


A'B + C + 


2 Microcell fusion intro¬ 
duces a normal chromo¬ 
some 4 to the cell. 


IMMORTAL 

A~B + C + 




CHROMOSOME 4 

S v ) 


J Chromosome 4 carries an as yet un¬ 
identified dominant gene into the ceil. 
This addition overpowers the recessive 
trait for immortality. 



4 The fused cell has a limited life span. 


Seeking Senescence 

Specific genes may control how 
many times a cell can divide 


N ormal cells don't live forever. 
But some do continue dividing 
longer than others* seemingly 
controlled by a predetermined count¬ 
ing mechanism. Cells taken from hu¬ 
mans or horses outlast those from 
mice, for instance. Cells from younger 
donors will double more often than 
those from older ones, as if they know 
they had more time allotted. The ability 
to divide slows as cells age. 

One popular notion is that cellular 
aging is the cumulative result of small 
random changes* a breakdown pro¬ 
voked by a torrent of unintended in¬ 
sults. Others argue that senescence in 
normal cells is probably controlled by 
specific genes, "if you think that nor¬ 
mal cells age because they are dam¬ 
aged, then immortal cells must have 
something that lets them escape*" says 
Olivia M. Pereira-Smith, a geneticist at 
the Huffington Center on Aging at the 
Baylor College of Medicine in Houston. 

Pereira-Smith and her colleague Yi 
Ning began examining cells that divide 
indefinitely* searching for a gene to in¬ 
duce aging and so stop proliferation. 
Their results* which will be published 


in the Proceedings of the National Acad¬ 
emy of Sciences, indicate that one such 
gene involved in aging may be located 
on chromosome 4 in humans. 

The Texas researchers first fused 
normal cells with immortal ones that 
were cancerous or virally infected, to 
see whether the hybrid offspring would 
also divide indefinitely. Most did not. 
The tendency to be normal—and thus 
of limited life span—is apparently 
the dominant inherited trait* whether 
cells originate in skin, muscle, veins 
or blood. Therefore, the few ceils that 
do manage to become immortal must 
have a recessive gene for that trait, 
Pereira-Smith concluded. 

Next the team began fusing immortal 
cells with other immortal cells, assum¬ 
ing that whatever recessive defect was 
responsible for each parent's longevity 
would be passed on to the hybrid. If 
parents shared the same genetic de¬ 
fect, the hybrid would also be immor¬ 
tal. But if parents were immortal and 
lacked the defect, their capacity for di¬ 
vision would not be passed on to the 
hybrid. These parent cell lines would 
be assigned to different groups for in¬ 
definite division, depending on the oth¬ 
er traits their hybrids inherited. 

After fusing 30 cell lines from as¬ 
sorted tissues in all possible combina¬ 
tions, Pereira-Smith and her collabora¬ 
tors found that any given immortal cell 


line would fit into just one of four pos¬ 
sible groups. This limited assignment 
indicates that a small number of highly 
specific genes are involved in senes¬ 
cence, she declares: "You need to turn 
on a certain set of genes to become 
senescent, so you have to lose any one 
of the set to become immortal." 

Having firmly established which cells 
could be expected to live forever, Perei¬ 
ra-Smith decided to see whether they 
could be stopped from proliferating. 
"We decided to look at the chromo¬ 
somes that have been implicated in tu¬ 
mor suppression,” she notes, explain¬ 
ing that senescence could be involved 
in rumor suppression because it pre¬ 
vents cells from growing without con¬ 
trol. Perhaps a gene sitting somewhere 
on one of those chromosomes would 
stop ceils from dividing. 

A procedure known as microcell fu¬ 
sion enabled the researchers to trans¬ 
fer a normal single human chromo¬ 
some into an immortal cell line. The 
technique entails treating cells so that 
the nuclei break up into little bags of 
nuclear membrane, each one of which 
contains only one or two chromosomes. 
The microsacs are blown out of the cell 
cytoplasm and fused into the nucleus 
of another cell. 

The first try was disappointing. When 
chromosome 11, which has been im¬ 
plicated in tumor suppression* was in¬ 
troduced to immortal cell lines, “they 
proliferated just fine,” Pereira-Smith re¬ 
calls. It may stop tumors but is appar¬ 
ently not involved in cell aging, she 
observes. The team chose to repeat 
the microcell experiment with chromo¬ 
some 4. "We got lucky," the laboratory 
chief says with obvious delight. This 
chromosome was able to induce senes¬ 
cence in a line of cervical carcinoma 
cells but not in the other groups. Her 
laboratory continues examining other 
cell lines within the group to see if the 
effect can be replicated. 

The next step is to find where on the 
chromosome the gene is located and 
figure out how it is regulated. Gene 
hunting is never an easy task, howev¬ 
er. The classic example of the frustrat¬ 
ing process is Huntington's disease. Re¬ 
searchers have known for more than 
10 years that the gene for the inherit¬ 
ed disorder lies somew r here on chro¬ 
mosome 4* bui no one has yet been 
able to pinpoint it. But technology is 
getting better every day* the geneticist 
declares. Once the gene is in hand, sci¬ 
entists will be able to study its involve¬ 
ment in the senescence of various nor¬ 
mal cells. Pereira-Smith muses that 
"maybe then we will be able to inter¬ 
vene not just in the laboratory but in 
aging people." —Deborah Erickson 
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A Gentler Therapy? 

Retinoic acid turns off 
a form of leukemia 


I ike other forms of cancer, leuke¬ 
mia arises because of a failure in 
i mechanisms that limit cell divi¬ 
sion. The result is an explosive prolif¬ 
eration of white blood cells. Because 
these cells are distributed throughout 
the body, the usual treatments, radia¬ 
tion and chemotherapy, are especially 
hard on the patient; 

Now researchers in Shanghai, Paris 
and New York City have found a gen¬ 
tler way to curb at least one type of 
leukemia. Instead of killing the rene¬ 
gade cells in patients with acute pro- 
myelocytic leukemia (APL), they have 
succeeded in reprogramming the cells 
with a derivative of vitamin A* so that 
they cease dividing. The results are 
spurring redoubled efforts to determine 
whether the approach might be adapt¬ 
ed to oLher cancers. 

The principle, known as differentia¬ 
tion therapy, is based on the observa¬ 
tion that cancer cells often seem to be 
stuck at an immature stage of devel¬ 
opment, Researchers have known for 
more than a decade that some chemi¬ 
cals stimulate immature cells to differ¬ 
entiate into their mature forms, where¬ 
upon they stop dividing. But attempts 
to turn the idea into a practical therapy 
have been disappointing. 

One such group of differentiating 
chemicals is the retinoids, chemical 
cousins of vitamin A that have pro¬ 
found effects on cell differentiation. 
When retinoids were given to cancer 
patients in the early 1980s, there were 
some reports of beneficial effects but 
not enough to sustain interest. In 1988, 
however, Zhen-yi Wang and his co¬ 
workers at Shanghai Second Medical 
University treated APL patients with 
one retinoid, all-framretinoic acid. 
They reported that it brought about 
complete remissions in 24 patients. 
Patients with APL normally have to be 
hospitalized because they are suscepti¬ 
ble to massive hemorrhages that can 
kill in minutes. Even if they survive the 
initial crisis with the help of chemother¬ 
apy, two thirds die within five years. 
But the Chinese patients took retinoic 
acid at home in pill form, and its worst 
reported side effect was sore lips. 
“Frankly, the report w r as so staggering 
nobody believed it,” recalls Raymond P. 
Warrell, Jr., a researcher at Memorial 
Sloan-Kettering Cancer Center. 

One physician who was not so skep¬ 
tical was Laurent Degos, a leukemia 
specialist at St. Louis Hospital in Paris. 


On hearing the trial results, Degos went 
lo Shanghai and was so impressed that 
he procured supplies of the drug. At 
that time, it was produced in oral form 
only in China, even though it is the ac¬ 
tive ingredient in Retin-A, a skin cream 
marketed in the U.S. officially to treat 
acne. Despite the low level of purity of 
the Chinese drug, Degos obtained com¬ 
plete remissions in 24 out of 25 pa¬ 
tients when he returned to Paris. Be¬ 
cause of his success, the French sub¬ 
sidiary of Hoffman-La Roche, Produits 
Roche S.A., agreed to start producing 
an oral form of all-rram-retinoic acid 
in 1989. 

When Degos told Warrell about his 
findings, Warrell decided to see wheth¬ 
er he could achieve similar results. For¬ 
tunately, his wife, Loretta ltd, was then 
an assistant vice president of Hoffman- 
La Roche in the U.S. She urged the com¬ 
pany to supply an oral formulation of 
aU-rrans-retinoic acid. The decision was 
not easy, because APL strikes fewer 
than 1,000 U.S. patients each year, too 
few to recoup a substantial investment. 
Also, the Food and Drug Administra¬ 
tion was wary because the drug had no 
safety record. 

Hoffman-La Roche finally agreed, 
and Warrell, in collaboration with Wil¬ 
son H. Miller, Jr., Ethan Dmitrovsky 
and others, started U.S. trials last year. 
“Everything the Chinese and the French 
said is true,” Warrell asserts. He and 
his team recently described remissions 
in nine of 10 APL patients and will 
soon be publishing results on more. 

Retinoic acid, however, is not itself a 
cure for APL. If given the drug alone, 
most patients relapse after several 
months. But Degos says patients he 
has treated with retinoic acid followed 
by conventional chemotherapy have 
been disease free for more than a year. 

Even so, the researchers believe the 



treatment is the most dramatic proof 
yet that differentiation therapy can 
work. “We can watch the cells go 
through the stages of normal matura¬ 
tion, ending up with an unusual but 
fairly mature" white cell, Warrell says. 
And Degos adds: “It is the first time we 
have brought about complete differen¬ 
tiation, changing the cells’ programs to 
achieve normal cell death." 

According to Dmitrovsky, the success¬ 
ful differentiation therapy “may serve 
as a model with application to other hu¬ 
man malignancies," perhaps leading in¬ 
vestigators to the control failures that 
cause them. Independently, both Degos 
and Dmitrovsky and their co-workers 
recendy showed that most APL patients 
have an error at the site of a gene for a 
protein that binds retinoic acid in the 
cell. Moreover, one supposed APL pa¬ 
tient who did not have the genetic error 
failed to respond to retinoic acid, sug¬ 
gesting that the error may be the funda¬ 
mental cause of the disease. 

In the test tube, retinoic acid causes 
other cancer cells to differentiate as 
well, including cells from teratocarcino- 
mas—cancers of germ cells in the tes¬ 
tes and ovaries—and some breast can¬ 
cer cells. The National Cancer Institute 
is now conducting toxicity trials of 
Hoffman-La Roche’s product, with en¬ 
couraging results so far, according to 
Henry C. Stevenson, an nci researcher. 
Stevenson says plans are being made 
to investigate the activity of retinoic 
acid against several kinds of cancer. 

Buoyed by the apparent potency 
of all-trans-retinoic acid, Hoffman-La 
Roche and other drug companies are 
now searching for variants of it chat 
might have other valuable proper¬ 
ties. "Cytodifferendation is an idea that 
has been anticipated for a long time," 
Dmitrovsky says. “To my mind, this 
actually works.” —Tim Beardsley 



LEUKEMIC CELLS circulate among smaller Mood cells in a patient with acute pro- 
myelocytic leukemia (left). Treatment with allLrans-retinoic acid gives the leukemic 
cells more mature characteristics (right). Photo: Raymond P. Warrell r Jr . 
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Into the Lattice 

Individual molecules reveal 
the dynamics inside a crystal 


T o study matter in its condensed 
states, scientists frequently rely 
on fluorescence spectroscopy, 
which analyzes the light emissions 
of excited molecules. Molecules have 
unique spectral signatures that reveal 
the properties of a substance, such 
as its chemical composition and bond 
lengths. These molecules, however, are 
a lot like relatives: they all show up at 
once* Traditional techniques ''measure 
the average properties of thousands to 
millions of molecules, 1 " says W. E* Moer- 
ner of the IBM Almaden Research Cen¬ 
ter in San Jose, Calif. 

Consequently, the subtle movements 
of individual molecules in a crystal 
may become blurred in the big pic¬ 
ture. To glean the missing information, 
Moemer and his coLleague W. Pat Am¬ 
brose devised a way to analyze single 
molecules implanted in a host material* 
Each impurity molecule acts as a 
probe, responding in distinct ways to 
the small deviations in the order of the 
host's crystalline structure* The ability 
to observe the changes in the impurity 
may prove important in the fundamen¬ 


tal study of glasses, which as amor¬ 
phous solids are highly disordered, and 
of semiconductors, which derive their 
properties from deliberately introduced 
impurities, or dopants* In principle, sin¬ 
gle-molecule detection techniques could 
form the basis for ultrasensitive molec¬ 
ular detectors and sensors and provide 
a means to observe biological transport 
with optically tagged molecules. 

In their experiment, the researchers 
embedded molecules of the hydrocar¬ 
bon pentacene in crystals of para- ter- 
phenyl, another kind of hydrocarbon. 
A pentacene molecule will fluoresce 
when excited by laser light, much like 
an empty bottle that resonates when 
blown across the top* A photon count¬ 
er can measure the fluorescence* 

Conceptually, the method is simple. 
But detecting single molecules in var¬ 
ious environments has proved nettle- 
some. The dynamics of the host mol¬ 
ecules obscure information from the 
probe molecule. Such crystal-lattice vi¬ 
brations, called phonons, broaden the 
spectral lines of the probe molecules, 
making it difficult to distinguish indi¬ 
vidual molecules. 

In order to tease information from 
the noisy background, Moemer and 
Ambrose used a micron-thin laser beam 
to probe crystals of para-terphenyl only 
one to 10 microns thick. Both the small 


laser spot and thin crystals helped to 
reduce the amount of scattered light. 
The researchers also cooled the sam¬ 
ples to L5 kelvins so they could observe 
“inhomogcneously broadened lines” in 
the spectra. Inhomogeneous broadening 
results from imperfections in the host 
crystal; consequently, scientists can 
study the local environments, or the re¬ 
gions where the probe molecules reside* 
But narrow laser beams, thin crys¬ 
tals and frigid temperatures are not 
enough to investigate local environ¬ 
ments. "There tends to be a bunching 
up of the molecules” around a favored 
frequency, Moerner says. So instead 
the researchers tuned the laser to the 
"wings” of the broadened line, or to the 
frequencies where few pentacene mole¬ 
cules would fluoresce. 

Theoretical calculations helped Moer¬ 
ner and Ambrose to deduce that the 
resulting "bumps” in the measured 
spectra did indeed represent single 
molecules* Because the strength of the 
absorption and the amount of fluores¬ 
cence are proportional to the number 
of molecules, the researchers knew 
they were dealing with one pentacene 
molecule and not multiple pentacenes 
emitting at the same frequency* 

"But an even stronger proof that 
these are single molecules comes from 
the surprising spectral jumping effect 
we saw, 1 ' Moerner explains. Ordinari¬ 
ly, when a solid cools to extremely low 
temperatures, all normal vibrations of 
the lattice cease. The pentacene mole¬ 
cules should therefore exhibit no varia¬ 
tion in fluorescence. 

Some of the molecules, however, did 
not remain fixed. Their resonance fre¬ 
quencies jumped in intervals ranging 
from one second to seven minuies. 
"That wasn't expected," Moemer ob¬ 
serves* “There's motion of a new sort in 
the crystal*" He believes that the jump¬ 
ing effect probably results from the 
nearby para-tcrphenyl molecules chang¬ 
ing from one orientation to another* 
Other probe molecules and host ma¬ 
terials, such as glasses and polymers, 
can be studied with this kind of fluo¬ 
rescence spectroscopy, enabling work¬ 
ers to test theoretical models of con¬ 
densed matter* So far, however, only 
probe molecules in Ihe wings of the in¬ 
homogeneous lines—that is, those mol¬ 
ecules isolated in frequency from most 
others-can be observed. Studying mol¬ 
ecules wTtcre most bunch up is another 
matter. Still, Moemer thinks this spec¬ 
troscopic technique may be able to pro¬ 
vide the level of detail for molecules in 
solids that the scanning tunneling mi¬ 
croscope does for atoms. "We are go¬ 
ing to see unexpected things all the 
time for a while*” —Philip Yam 



INDIVIDUAL MOLECULES of pentacene in a host crystal emit light when excited 
by a laser * Each molecule shows up as a needlelike u bump n of fluorescence when 
plotted against its position in the host (depth axis) and the laser frequency (hori¬ 
zontal axis). I he intensity of each emission differs because the position of the 
molecules varies with respect to the focus of the laser. 
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Looking for Nothing 

The taciturn neutrino 
keeps physicists guessing 


G ertrude Stein once summed up 
Oakland, Calif., with the state¬ 
ment that "there is no there 
there." She might just as easily have 
been speaking about neutrinos. After 
all, it is hard to imagine anything that is 
not there quite so much as a neutrino, 
a particle that has no electric charge, 
that has little or no mass and that bare¬ 
ly interacts with normal matter. 

Nevertheless, neutrinos have aroused 
considerable scientific interest because 
they are extremely abundant through¬ 
out the universe and they travel free¬ 
ly from the center of the sun T the site 
of the nuclear reactions that ultimate¬ 
ly sustain life on the earth. They may 
even provide a window into the true 
character of the four forces of nature. 
Yet recent studies have in some ways 
only underscored just how far scien¬ 
tists are from under standing fully the 
laws that govern neutrinos and the rest 
of the subatomic realm. 

The mystery has been building since 
1968, when the first detector for neu¬ 
trinos was started up in the Home stake 
Gold Mine in South Dakota. Soon a nag¬ 
ging problem emerged: the flux of neu¬ 
trinos flowing from the sun appeared 
to be less than one third of the expect¬ 
ed amount. The Home stake measure¬ 
ments began to cast doubt on the cur¬ 


rent understanding of the laws of phys¬ 
ics or of she manner in which the sun 
functions, or both. 

A second detector, a Japanese experi¬ 
ment called Kamiokande U that joined 
the neutrino huni in 1987, just inten¬ 
sified the confusion. This instrument, 
which is only sensitive to more ener¬ 
getic solar neutrinos (those having en¬ 
ergies greater than aboul five million 
electron volts), found about one half of 
the expected flux, confirming the neu¬ 
trino shortage. 

Unfortunately, both the Homestake 
and Kamiokande detectors are blind to 
the relatively low r energy neutrinos pro¬ 
duced by the fusion of two protons, 
the primary' link in the nuclear reac¬ 
tions thought to power the sun. A pau¬ 
city of theseproton-proton" neutrinos 
would offer a far clearer signal that 
something is amiss with current scien¬ 
tific thinking. 

Two new T projects, the Soviet-Ameri¬ 
can Gallium Experiment (SAGE) in the 
Soviet Caucasus and the Gailex experi¬ 
ment in Italy, have been initiated to 
search for these low-energy particles. 
Both experiments use detectors com¬ 
posed of gallium metal that are sensi¬ 
tive to neutrinos having as little as 0.23 
million electron volt of energy. Gailex 
is currently on hold as physicists at¬ 
tempt to remove impurities that have 
collected in the detector. 

The SAGE detector has completed a 
s imil ar debugging process and is now 
producing its first results. Michael Cher¬ 
ry of Lousiana Slate University, a par¬ 
ticipant in the SAGE proj¬ 
ect, cautions that the mar¬ 
gin of error is very high and 
that researchers need time 
to calibrate SAGE and im¬ 
prove their analysis tech¬ 
niques. Nevertheless, the ear¬ 
ly results have raised a few 
eyebrows. During its first 
five months of observations, 
SAGE has detected only back¬ 
ground noise, but nan a sign 
of a solar neutrino. 

Even the neutrinos that are 
showing up may be behav¬ 
ing in strange and unexpect¬ 
ed ways. Some researchers, 
among them Kenneth Lande 
of the University of Penn¬ 
sylvania, perceive a variation 
in the readings from the 
Home stake experiment: the 
flow of solar neutrinos seems 
to dip at times of high solar 
activity. In a related vein, 
Lawrence M. Krauss of Yale 
University finds hints of a 
correlation between the so¬ 
lar neutrino flux and solar 


acoustic oscillations. The implication is 
that the physical conditions that vary 
during a sunspot cycle—magnetic field 
strength or perhaps temperature and 
density'—affect whatever mechanism 
hides most of the solar neturinos. 

Then again, what looks like some¬ 
thing might be nothing at all. Sun¬ 
spot numbers have at times mirrored 
stock-market prices and the number 
of Beaties albums sold. John N. Bah- 
call of the Institute for Advanced Study 
in Princeton, N.J., a longtime stalwart 
of the neutrino hunt, thinks that corre¬ 
lations with the neutrino flux are sim¬ 
ilarly suspect. "They probably are not 
real, and they will go away," he says 
softly. 

Bahcali notes that fluctuations do 
not appear in the Kamiokande mea¬ 
surements or in the first seven years 
of data from Homestake. But most of 
all, he sees no plausible explanation 
for what would cause such variations: 
“There is nothing in the data that says 
'ah hah! 1 " as he puts it. 

At least everyone agrees the central 
problem—the missing solar neutrinos— 
is for real. The most popular explana¬ 
tion for the neutrino shortage is the 
Mikheyev-Smirnov-Wolfenstein (MSW) 
effect. This slight modification of the 
latesL group of physical theories—the 
grand unified theories—holds that 
under certain circumstances, the neu¬ 
trinos associated with normal matter 
(called electron neutrinos) can trans¬ 
form into their even more evasive cou¬ 
sins, the muon neutrino and the tau 
neutrino. 

Years of study have convinced most 
physicists that the mass of the electron 
neutrino is immeasurably low r . But a 
corollary to the MSW effect is that at 
least one kind of neutrino must have a 
mass. This possibility has excited many 
cosmologists because neutrinos could 
then provide much of the extra mass in 
tiie universe predicted by cosmological 
theories but not visible in astronomical 
observations. 

Weighing neutrinos poses some prac¬ 
tical difficulties, and so physicists have 
turned to theoretical models. Results 
from Homestake and Kamiokande hint 
that the neutrino shortage becomes 
more pronounced at lower energies. 
From this, Bahcali and Hans A. Bethe 
of Cornell University have inferred that 
if the electron neutrino is essentially 
massless (still the simplest assump¬ 
tion), the muon neutrino should have a 
tiny mass, about one thousandth of an 
electron volt. In comparison, an elec¬ 
tron—The lightest particle now known— 
has a mass of 511,000 electron volts. 

Such a light neutrino cannot satis¬ 
fy 7 cosmologists searching for missing 
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SOIAR ACOUSTIC OSCILLATIONS and sunspot 
number appear to change inversely with the 
measured neutrino flux—depending on one's 
eyesight and on one's faith in the data . 
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Old Masters 

D etermining precisely when ancient artists limned on cave walls and 
cliffs figures of game and spirits as well as abstract symbols has 
long been a problem for archaeologists. Pictographs could be dated 
only using indirect evidence. Scientists could draw dues from the archaeo¬ 
logical surroundings and matter deposited on the painted surfaces. They 
could also infer an approximate age from the style and content of the art. 

Chemists at Texas A&M University have developed a more precise tech¬ 
nique. Marvin Rowe and his colleagues are using radiocarbon dating to de¬ 
termine the age of pictographs in southwest Texas. Their results, they say 
in Nature, prove that this method can be applied to pinpoint the age of any 
rock painting containing organic materials. 

Radiocarbon dating, which is based on the decay of a naturally occurring 
carbon isotope, can determine the age of organic matter to within 100 
years. Previously this technique was not widely used on pictographs. be¬ 
cause it was difficult to distinguish carbon in the paints from that in the un¬ 
derlying rock. The researchers, however, found a way to separate the two 
types of carbon by exposing a tiny sample of the paint to an oxygen plas¬ 
ma. The highly energetic oxygen reacts selectively with the carbon in the 
paint. The resulting gas is then reduced to graphite, which is dated. 

Harry Shafer, an anthropologist, first solicited Rowe's help in establish¬ 
ing absolute ages for cave paintings in the southwest region of Texas 
known as Lower Pecos (see photograph below). The paint pigments that 
were used in the Lower Pecos are primarily iron and manganese oxides, 
which contain no organic carbon. Yet Shafer knew that another group of 
paintings—in the Four Corners area of Utah—had been found to contain an 
organic binding agent, and he speculated that the prehistoric Texans used 
similar techniques to make their paint. 

These ancient artists often used organic ingredients such as blood, eggs, 
seed oils, animal fats, milk, honey, plant resins and urine as binding agents. 
Such substances can be accurately dated. The Texas team successfully ex¬ 
tracted organic carbon from a small piece of painting that had naturally 
peeled from a cave wall. A laboratory in Zurich dated the sample at 3,865 ± 
1 00 b.p. (before the present). Shafer says this date correlates well with the 
date made by archaeological inference. 

Shafer hopes to produce a more accurate chronology of ancient rock art by 
dating paintings characteristic of each period. "By using this method to date 
style differences in cave paintings," he says, "we can improve our understand¬ 
ing of the cultural sequence of the lives of ancient peoples." — Nisa Gelier 



mass. Fortunately, they can turn to the 
third neutrino, the tau neutrino. Lande 
muses that one could extrapolate from 
Bahcall and Bethe’s mass estimate to 
derive a mass of one ro two electron 
volts for the tau neutrino, “which 
would place it at the lower edge of cos¬ 
mological interest." 

Masses more pleasing to cosmolo- 
gists axe also possible. Dennis Sciama 
of the International Centre for Theoret¬ 
ical Physics in Trieste recently pro¬ 
posed a tidy scheme to solve both the 
solar neutrino and the missing mass 
problems. In his scenario the heaviest 
neutrino would have a mass of about 
29 electron volts and would eventually 
decay, emitting a burst of ultraviolet 
Light. Arthur R David sen of Johns Hop¬ 
kins University reports, however, that 
an experiment on board the Astro-1 
spacecraft failed to find the distinctive 
radiation of such neutrino decays. 

Then again, neutrinos might not be 
lightweights after all. Especially aston¬ 
ishing are recent reports of evidence 
for a neutrino weighing a hefty 17,000 
electron volts based on studies of beta 
decay, wherein a radioactive atom emits 
an electron and a neutrino. 

In L985 John J. Simpson of the Uni¬ 
versity of Guelph in Canada found that 
some of the time, the electrons ap¬ 
peared less energetic than theory pre¬ 
dicted. He concluded that the missing 
energy was carried off In the form of 
mass by a neutrino. Eric B. Norman and 
his co-workers at Lawrence Berkeley 
Laboratory recently observed a similar 
effect in the decay of carbon 14 atoms, 
which he also attributes to a heavy 
neutrino, most likely a tau neutrino. 

Bahcall considers the sighting of this 
massive neutrino “a serious issue,” 
Bela decays could emit tau neutrinos 
only by violating a conservation law 
stating that the emission of an elec¬ 
tron is always accompanied by an elec¬ 
tron neutrino. Cosmologists would sud¬ 
denly have too much mass on their 
hands unless the neutrino is unstable 
and decays within a few million years. 
And the existence of a heavy neutrino 
would confound physicists who hoped 
they were finally starting to find a co¬ 
herent pattern in the masses of sub¬ 
atomic particles. 

Norman and other researchers arc 
collecting more data and studying the 
decays of other radioactive isotopes to 
confirm the reality of the heavy neutri¬ 
no. He hopes that “in six months we 
will be able to settle this once and for 
all.” Still P given the slippery nature of 
neutrino physics—and neutrino physi¬ 
cists—the larger issues are likely to re¬ 
main a source of controversy for quite 
a while. —Corey S. Powell 
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History Lessons 

Warfare analysts offer some 
disturbing—and hopeful—news 


P olitical leaders always claim to be 
steering us by the lights of histo¬ 
ry toward a peaceful future. But 
what does a comprehensive analysis 
of our past actually reveal about our 
present course? A pessimist could con¬ 
clude that our leaders are completely 
mi sreadi ng—or mi s repre senti ng—hi s - 
tory. An optimist could find hope that 
warfare might become obsolete any¬ 
way—if the tentative spread of democ¬ 
racy worldwide continues. 

These conclusions are both support¬ 
ed by the Correlates of War project, a 


computerized storehouse of informa¬ 
tion on 118 wars (defined as conflicts 
leading to at least 1,000 deaths) and 
more than 1,000 lesser disputes from 
the early 1800s to the present. Re¬ 
searchers at the University of Michigan 
created the data base in the 1970s to 
find statistical associations between 
warfare and various economic, political 
and social factors. 

The data offer no support for the 
bromide “peace through strength/' ac¬ 
cording to J. David Singer, a political 
scientist at Ann Arbor who oversees 
the Correlates project, A buildup of 
military armaments, far from deterring 
war, is one of the most frequent pre¬ 
cursors of it. At the very least, Singer 
says, such a finding suggests that the 
U.S. policy of supplying arms to na¬ 


tions in an unstable region—such as 
the Middle Hast—is seriously flawed. 
There is also no evidence that allianc¬ 
es help to keep the peace. In fact, a 
nation's participation in one or more 
alliances increases its risk of warfare, 
Singer says, parUcularly against its al¬ 
lies. History even casts doubt on the 
argument—used by the U.S, to justi¬ 
fy both its current war against Iraq 
and its past one against Vietnam—that 
allowing aggression to proceed un¬ 
checked always leads to more aggres¬ 
sion. Although HiUer’s Europe certainly 
provides an important counterexample, 
Correlates of War data yielded little sta¬ 
tistical correlation between warfare in 
a given region and prior unchecked ag¬ 
gression, Singer says, 

A somewhat more hopeful finding 


A Press Release on Dioxin Sets the Record Wrong 


W hen the Chlorine Institute shopped around for a 
place to hold a scientific conference, they did not 
want just any host, “We were looking for an or¬ 
ganization that was squeaky clean, that would not in any 
way, shape or form be questioned about the conference/' 
says Robert C. Smerko, president of the Washington, 
D.C -based institute, which is supported by some 170 
chemical, paper and other manufacturers. 

Smerko seemed to have met his requirements when he 
finally landed Cold Spring Harbor Laboratory. Last Octo¬ 
ber the laboratory’s respected Banbury Center held a con¬ 
ference—jointly sponsored by the Chlorine institute and 
the Environmental Protection Agency—on the toxicity of 
23,7 l 8-tetrachtorodiben20-/?-dtoxin, orTCDD. That chlo¬ 
rinated compound achieved notoriety during the Vietnam 
War, when it was identified as a contaminant of the defo¬ 
liant Agent Orange. It remains controversial because it is 
found in some commercial herbicides and is produced in 
other chemical processes, such as paper bleaching. 

Cold Spring Harbor Laboratory may have been squeaky 
clean, but the conference apparently was not. And the 
outcome of that meeting—attended by 38 of the world’s 
dioxin experts, few of whom say they knew it was indus¬ 
try sponsored—is every bit as controversial as the sub¬ 
stance that was the topic of discussion. 

The issue is a press release sent out at the conclusion 
of the meeting by the Chlorine Institute's public relations 
firm, Daniel J, Edelman, Inc. It announced that the experts 
had agreed on a model for the toxidty of dioxin that “al¬ 
lows for the presence of a substance in the environment, 
with no risk experienced below a certain level of expo¬ 
sure." The release said that the scientists had rejected a 
linear exposure model, in which any level of exposure 
would have a biological effect, in favor of a receptor- 
based model that implies a threshold level (This part of 
the release was approved by Cold Spring Harbor Labora¬ 
tory, says the Banbury Center’s director, Jan A. Witkows- 
ki—although he now says Edelman made several changes 
after he saw it.) 

Such a consensus, of course, would have implications 
for setting permissible levels of the substance in the envi¬ 
ronment. But those at the conference insist that no such 


agreement was reached. "There was no consensus in 
terms of risk assessment,” says George W. Lucier of the 
National Institute of Environmental Health Sciences. In 
addition, none of the scientists saw the press release, 
although their names accompanied it. “We were being 
used, clearly, and that’s unfortunate/' declares Arnold j. 
Schecter, professor of preventive medicine at the State 
University of New York at Binghamton. "Political layer¬ 
ing is not particularly good, especially when it is unbe¬ 
knownst," Lucier adds. 

Few of the participants seem to dispute that the recep¬ 
tor-based mechanism of dioxin is relevant to human ex¬ 
posure. Nor did they before the conference, observes 
Alan R Poland of the University of Wisconsin at Madison, 
who discovered the receptor in 1976. “The basic tenets 
were all known since 1981 or 1982,“ Poland says. But 
Lucier notes that now “we are at the point where we can 
reevaluate the linear model." 

Indeed, the era intends to explore the question of 
whether there is a threshold response. The agency will in¬ 
vestigate the receptor-based model with Michael A. Gallo, 
one of the conference organizers and a professor of toxi¬ 
cology at the University of Medicine and Dentistry of New 
Jersey-Robert Wood Johnson Medical School, But Gallo 
and others agree that discussion of thresholds in a regula¬ 
tory context may be premature. At the conference, "some 
regulators got real excited by back of-the-envelope calcu¬ 
lations" and thought dioxin standards could be eased, 
says Linda S, Birnbaum, director of the epa’s environmen¬ 
tal toxicology division, “Clearly, we don't know that," 

Although many of the Banbury attendees were the last 
to know about the consensus they reportedly reached, 
news about the conference traveled quickly in political 
circles. At a recent hearing on dioxin standards in Alaba¬ 
ma, expert witness for the pulp and paper industry Rus¬ 
sell E. Keenan invoked the Banbury results in his testimo¬ 
ny. “There was general agreement among the attending 
scientists that dioxin is much less toxic to humans than 
originally believed/' Keenan claimed. Obviously, "it is not 
useless to tout Banbury results if you have a political ax 
to grind/' comments Cate Jenkins, a chemist in the epa’s 
hazardous waste division. —Marguerite Holloway 
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PROFILE: POLITICAL ENGINEER 

John Summit dominates science policy 


is that democracies, although they of¬ 
ten wage war against nondemocracies, 
rarely do so against other democracies. 
This phenomenon, which has held true 
among nation-states with virtually no 
exceptions since 1815, was pointed out 
in 1976 by Singer and Melvin Small, a 
historian at Wayne State University. 

Since then, other researchers, and 
even Singer himself, have questioned 
the finding's significance. They noted, 
for example, that democracies tend to 
be wealthier than nondemocracies, that 
before World War 0 democracies were 
widely scattered and that since World 
War II many have been allied with the 
U.S. The lack of conflict between dem¬ 
ocracies, the critics argued, might arise 
from these factors more than from 
something intrinsic to democracy. 

Yet a study completed last fall by po¬ 
litical scientists Zeev Maoz of the Uni¬ 
versity of Haifa in Israel and Bruce Rus- 
sett of Yale University found exam¬ 
ples of warfare among nations that met 
these oLher conditions but not the one 
of mutual democracy. Democracy, they 
concluded, seemed to be the crucial 
factor in maintaining peace. 

The no-warfare effect also holds true 
among tribes and other less developed 
societies having participatory as op¬ 
posed to hierarchical social structures, 
according to research by Bus sett and 
anthropologists Carol R. and Melvin 
Ember. The Embers oversee the Human 
Relations Area files, a long-term study 
of warfare among societies that have 
not coalesced into a nation-state. 

What explains the finding? Russctt 
and the Embers speculate in a paper 
that “when people ieam to agree to dis¬ 
agree and have some control over the 
political process, they may learn that 
conflicts can be resolved in peaceful 
ways, at least with people who share 
similar ideas about political process." 

The proliferation of democracy in 
the past decade, although halting and 
by no means irreversible, has given 
Russett hope for a w ? orld without war. 
The growing economic interdependence 
of nations, he maintains, should pro¬ 
vide an added incentive for peace. 
But he adds a big caveat: democratiza¬ 
tion may trigger violence by unleash¬ 
ing long-repressed nationalist and eth¬ 
nic conflicts, particularly in Eastern Eu¬ 
rope and unstable regions of the Third 
W r orld. 

Russett also warns that powerful 
democracies such as the U.S. should 
not use his findings to justify the vio¬ 
lent “liberation" of supposed nondem¬ 
ocracies. One of the surest lessons of 
history 7 , he notes, is that w r ar often 
brings on not peace but chaos—and 
more war. —John Horgan 


W hen the elders of science used 
to bemoan the lack of science 
advice in Washington, they 
probably didn’t anticipate that John 
Henry 7 Sununu would fill the gap. Hear 
him on global warming, for example: 
"Frankly,” says the White House chief 
of staff, “1 have the feeling that a lot 
of people focus on carbon dioxide be¬ 
cause what they are concerned about 
is not global warming, but their own 
antigrowth agenda. A lot of people who 
are moaning and groaning about global 
wanning are also the same ones who 
are moaning and groaning about nucle¬ 
ar winter." 

Before Sununu came to grips with 
the issue. President George Bush in 
1989 endorsed the goal of stabilizing 
carbon dioxide emissions because they 
had been implicated in global warm¬ 
ing. Now, as Bush’s chief enforcer of 
domestic issues, the engineer who be¬ 
came the governor of New 1 lamps hire 
has become the principal obstacle to 
that plan. “Frankly, f think he's hurling 
the president," says William ,4. Nitze, 
whom Sununu ordered fired from his 
position at the State Department be¬ 
cause he openly favored controlling 
carbon dioxide emissions. 

With a combative style that has 
earned him a reputation for delivering 
scathing pul-downs to political allies as 
well as opponents, Sununu has become 
the administration's de facto architect 
of much of domestic policy. In a little 
more than two years in Washington, 
"the Governor," as he is known to his 
staff, has eclipsed key agency 7 heads 
and advisers as the arbiter of issues 
from energy' and technology lo the en¬ 
vironment—especially global warming, 
“It's my sense there's a majority of 
opinion within the agencies that would 
like to see the administration go fur¬ 
ther in the direction of stabilizing emis¬ 
sions," says Alden Meyer of the Union 
of Concerned Scientists, the U.S, co¬ 
ordinator of Climate Action Network. 
"But it's impossible to have a rational 
discussion of the subject when Sununu 
is in the room.” 

Sununu, who has called himself a 
"political counterpuncher,” has demon¬ 
strated his expertise at infighting in 
well-publicized battles with William 
K. Reilly, administrator of the Environ¬ 
mental Protection Agency, over wet¬ 
lands policy and climatic change. With 
Sununu, together with Office of Man¬ 
agement and Budget director Richard 
G. Darman and Michael J. Boskin, chair¬ 


man of the Council of Economic Advis¬ 
ers, clearly in control, Secretary' of En¬ 
ergy 7 James D. Watkins seemed to sit on 
the sidelines as a national energy strat¬ 
egy 7 w r as shaped by the White House. 
.And even presidential science adviser 
D. Allan Bromley has been forced to 
backpedal on statements about green¬ 
house wanning. 

Yet il is Sununu’s ability to absorb 
and retain details of technical issues 
that has allowed him to exert such a 
wide influence over policy. Bom to Leb¬ 
anese and Salvadoran parents in Ha¬ 
vana in 1939, he says he knew that he 
wanted to be an engineer from about 
the age of seven, when he was given a 
book called Engineers* Dreams . He grew 
up in New York City and earned bach¬ 
elor's and master's degrees from ihe 
Massachusetts institute of Technology. 

Sununu had more in mind than be¬ 
ing a bench engineer, however. While 
still an undergraduate, he co-foundcd 
an engineering company, Astro Dynam¬ 
ics, Inc., and as its chief engineer de¬ 
signed heat sinks and brushless mo¬ 
tors. He also worked on life-support 
systems for astronauts for the National 
Aeronautics and Space Administration. 

But in 1965 he returned to M.I.T., 
where he earned a Ph.D. in fluid dy¬ 
namics in only nine months, in 1966 
Sununu was appointed an assistant 
professor of mechanical engineering at 
Tufts University, where he w r orked on 
problems involving heat transfer, tem¬ 
perature control and fluid dynamics. 

Sununu began his move into politics 
soon after he and his wife, Nancy 7 , 
moved to Salem, N.H., in 1969 to take 
advantage of that state's lower taxes. 
“Nancy and l really loved the state and 
decided that we ought to get involved 
id try 7 to keep it the w’ay we loved it," 
he says. So, even though he was com¬ 
muting to Tufts, he found time to join 
the Salem local planning board. He 
soon became chairman and reveled in 
bringing his analytical acumen to polit¬ 
ical problems. Over the next 12 years, 
Sununu became increasingly involved 
in politics. He served a term in the 
state legislature and staunchly defend¬ 
ed the controversial Sea brook nuclear 
power plant. 

Although he had lost several political 
races, in 1983 he was elected the 93rd 
governor of New Hampshire. In three 
subsequent two-year terms, Sununu 
w r on a reputation as a fiscal conserva¬ 
tive. Sununu \s entry 7 into the national 
arena came w r hen he helped to secure 
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the president's New Hampshire prima¬ 
ry victory in 1988, His reward was be¬ 
ing made national co-chairman of the 
Bush campaign. He was tapped for the 
critical post of chief of staff soon after 
the election victory. 

Now in the White House, Sununu 
puts in 13-hour workdays. And he 
clearly believes that his technical back¬ 
ground is an important asset in Wash¬ 
ington. In 1989 he told a meeting of 
the National Academy of Engineering 
that scientists and engineers—people 
who have a feel for problem solving 
and who “know the difference between 
a part per million and a part per bil¬ 
lion"—have a public duty to become ac¬ 
tive in policy-making. 

Nowhere has he more zealously ap¬ 
plied his engineer’s worldview to poli¬ 
tics than on the issue of global warm¬ 
ing. During the recent 
opening round of negoti¬ 
ations toward an interna¬ 
tional convention on cli¬ 
matic change in Chantil¬ 
ly, Va., Sununu and his 
staff kept U.S. negotiators 
on a light leash, moni¬ 
toring developments by 
telephone. Observers say 
it was Sununu who de¬ 
manded that the word 
“appropriate" be inserted 
into the conference’s fi¬ 
nal declaration on negoti¬ 
ating emission limits for 
carbon dioxide and other 
greenhouse gases. 

Sununu insists he un¬ 
derstands scientists' con¬ 
cerns on the question and 
is not opposed to lower¬ 
ing carbon dioxide emis¬ 
sions “as a matter of self- 
discipline." But he is ada¬ 
mant that the science of 
climate prediction is not developed well 
enough to take actions that might cause 
economic pain. 

Yet his desire not to burden industry 
sits uncomfortably with the conclu¬ 
sions of the intergovernmental panel 
on climatic change, a group that has 
made perhaps the most authoritative 
assessment of the science of global 
warming to date. The panel concluded 
last year that without remedial mea¬ 
sures, global average temperature was 
likely to rise one degree Celsius above 
its present value by 202 5 and three de¬ 
grees by the end of the next century . 

Such changes would severely dis¬ 
rupt agriculture, natural ecosystems 
and human settlements. The Nation¬ 
al Academy of Sciences was scheduled 
to release a report in March that un¬ 
derscores these scientific concerns and 


argues that measures to slow emis¬ 
sions of greenhouse gases—such as im¬ 
proving energy efficiency—should be 
pursued now, even if they incur some 
short-term cost. 

Sununu T s basis for skepticism is sim¬ 
ple: he doesn’t trust the computer mod¬ 
els used to predict climatic change. 
11 What 1 have a problem with is the mis¬ 
represent—" Sununu stops and cor¬ 
rects himself, “—the gloom-and-doom 
approach to this that a lot of people 
have taken, based on some very 1 pre¬ 
liminary analysis and modeling. They 
take models that are primarily two- 
dimensional across the surface of the 
earth and try' to use them to charac¬ 
terize phenomena that are primar¬ 
ily driven by interactions in a vertical 
direction." 

His distrust of models, Sununu says, 


comes from personal experience. (A 
persistent rumor maintains that he has 
a simple climate model that he runs on 
his personal computer. The models 
used by climatologists generally re¬ 
quire supercomputers.) “I have a rule 
of thumb," he says, “that if you can’t 
predict the past with a model, you 
ought not to believe you can predict 
the future." 

Sununu also says he finds it of “par¬ 
ticular interest" that about 20 times 
more carbon dioxide comes from nat¬ 
ural sources—primarily vegetative de¬ 
cay—than comes from burning fos¬ 
sil fuels. "The amount they are trying 
to get the international community to 
agree to not emit, if you will, over a 
short amount of time is less than the 
noise in the natural emissions. They 
ought not to be making decisions that 


affect the quality of life for billions 
of people based on something as mar¬ 
ginally contributory as that." 

But Sununu’s criticisms of the sci¬ 
ence behind the concern about glob¬ 
al warming do not gloss over the fact 
that he simply does not like to be told 
what to do. Commenting on the Chan¬ 
tilly conference, Sununu says: “Every¬ 
one seems to want to come over here 
and teil us what they would like us to 
do. We're saying, we’ve done a great 
deal, for a lot of different reasons. The 
net impact was positive—go home and 
do it." 

When questioned about the ad¬ 
ministration’s insistence on more re¬ 
search before taking deliberate steps to 
limit giobal warming, Sununu snaps 
that u we have put our money where 
our mouth is.” He claims the U.S. has 
put $1 billion into climat¬ 
ic change research to en¬ 
sure that “whatever we 
do is done intelligently." 

Nevertheless, a well- 
publicized recent report 
written by Nobel laureate 
Leon M. Lederman, now 
president of the Ameri¬ 
can Association for the 
Advancement of Science, 
argues that dramatic in¬ 
creases in support are 
necessary to avoid dam¬ 
aging the scientific re¬ 
search enterprise. Asked 
for his reaction, Sununu 
responds: “I don't know 
who Leon Lederman is." 
Instead he points out that 
the S76 billion request¬ 
ed in the 1992 federal 
budget for research and 
development—$8 billion 
more than this year—rep¬ 
resents a “tremendous 
targeting of resources” aimed at nur¬ 
turing the “fundamental strength we 
have in science and technology.” 

Sununu offers no apologies for his 
bluntness. “Any strong statements on 
my part are controlled, deliberate and 
designed to achieve an effect," he told 
journalists at the National Press Club 
last December. 

Nor does the man who is so skepti¬ 
cal of greenhouse warming calculations 
hesitate to defend himself with statis¬ 
tics. “I have to interact with a member 
of Congress or a critical member of the 
administration or the press about 100 
times a day. If I bat 99 percent in terms 
of having it be a very successful out¬ 
come all around, it means 365 times a 
year there's something that people can 
write a story about or exaggerate a sto¬ 
ry about." —Tim Beardsley 



JOHN SUNUNU believes those who “know the difference between 
a pan per million and a part per billion” should enter politics. 
Photo: Brad Market/Gamma-Liaison. 
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The Real Cost of Energy 

Bringing market prices in line with 
energy’s hidden burdens will he one of 
the great challenges of the coming decades 


by Harold M. Hubbard 


I n 1989 the US. Department of De¬ 
fense spent more than $ 15 billion— 
as much as $ 54 billion according to 
some estimates—to safeguard oil sup¬ 
plies in the Persian Gulf Early Penta¬ 
gon estimates for the current war tack 
on another $30 billion* The smallest 
of these figures adds about $23.50 to 
the actual cost of each barrel import¬ 
ed into the US* By supporting this sur¬ 
charge, the US* is subsidizing con¬ 
sumers of Middle East oil both at home 
and abroad. 

This subsidy is only one of the more 
visible ways in which the US. and oth¬ 
er nations affect the energy' market. En¬ 
ergy' costs society billions of dollars 
more than its users pay directly for 
oil, coal, gas or electricity. Other hid¬ 
den costs of energy' indude tax credits, 
environmental degradation, increased 
health care expenditures and lost em¬ 
ployment. Estimates for the US. alone 
range between $100 billion and $300 
billion per year, although the precise 
amount is the subject of ongoing argu¬ 
ments among economists, environmen¬ 
talists and policymakers. 
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Daniel Sperling and Mark A. DeLu- 
chi of the University of California at Da¬ 
vis have found, for example, that trans¬ 
portation fuels—gasoline and diesel— 
are priced well below their real costs. 
The 200 billion gallons of fuel burned 
each year for transportation consti¬ 
tute roughly a third of total energy con¬ 
sumption. Because vehicles are typical¬ 
ly relatively inefficient and their emis¬ 
sions occur in proximity to people and 
buildings, they account for more than 
their share of energy's extra burdens. 

In addition to the djag such buried 
costs place on the economy, they also 
distort the choices of both consumers 
and policymakers. Because the gap be¬ 
tween sale price and actual cost is great¬ 
est for fossil fuels, unmasking these 
costs could provide strong incentives 
for a transition to more sustainable en¬ 
ergy' use. 

Recognizing and minimizmg the so¬ 
cietal costs of energy—while stil1 pro¬ 
viding the energy required to fuel a 
growing global economy—will become 
an even more pressing concern in com¬ 
ing decades. The world’s papulation is 
expected to increase from 5.5 billion 
today to more than seven billion by 
2010. Moreover, demand for energy' in 
the less developed countries will rise 
precipitously as they strive to increase 
their living standards. 

The burdens that a barrel of oil or a 
kilowatt-hour of electricity imposes be¬ 
yond its stated price are what econo¬ 
mists call externalities: costs borne by 
people who are not parties to the trans¬ 
action that imposes them. For more 
than two decades, environmental econ¬ 
omists and ecologists have been strug¬ 
gling to identify and measure the ex¬ 


ternal costs of energy production and 
consumption. Meanwhile conventional 
economics and current market policy 
ignore externalities, effectively setting 
their cost at zero. 

Ignoring environmental and other 
social costs leads to what social sci¬ 
entist Garrett J. Hardin has called the 
"tragedy of the commons." Market for¬ 
ces lead inexorably to overuse of un¬ 
derpriced goods, be they public graz¬ 
ing lands, village dumps or free water 
supplies. Indeed, Hardin has charted 
the progress of civilization in terms of 
the internalization of costs formerly 
viewed as external. 

Perhaps the first external cost to be 
internalized was that of raw materi¬ 
als. Even in prehistoric times, rules of 
private property' and land ownership 
protected such valuable resources as 
copper ore—not to mention the fertile 
land itself. 

Since then, lengthy and painful pro¬ 
cesses have internalized the cost of la¬ 
bor (by the abolition of serfdom), the 
cost of raising and educating the labor 
force (first by free public education 
and now In many countries by materni¬ 
ty' leave and child care) and the cost of 
workplace safety (by workers' compen¬ 
sation and insurance benefits). Today 
chemical and thermal wastes generat¬ 
ed by industrial processes—and energy' 

KUWAITI OIL TERMINAL burns after 
a naval battle in this wirephoto image 
from the Persian Gulf, Even in peace¬ 
time, oil imports necessitate billions of 
dollars in defense spending. The author 
argues that the market price of energy 
should better reflect its military, social, 
environmental and other hidden costs. 
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production in particular—pose a new 
challenge for internalization. 

But calculating the actual cost of en- 
ergy Is not a simple matter* It is dear 
that consumption of different forms of 
energy generates costs beyond the mar* 
ket price, but the nature and amount of 
those costs are difficult to quantify. The 
answers that economists derive may 
depend as much on social values as 
they do on analytical solutions to well- 
defined problems* 

For example, the health effects of air 
pollution are an important added cost 
of both power generation and the con¬ 
sumption of fuels for transportation. 
Yet it is difficult to set exact prices for 
increased Lung disease among senior 
citizens or lead poisoning among ur¬ 


ban school children—let alone rank the 
two problems against each other. Al¬ 
though certain energy technologies im¬ 
pose a lower overall burden than oth¬ 
ers, all choices impose an unequal bur¬ 
den on some sector of the population* 

Policymakers must also dedde which 
external costs they are willing to take 
into account and which ones they will 
ignore. Consider the costs of energy- 
related aeddents: Does one count only 
mayor disasters such as the Chernobyl 
explosion or the £xxon Valdez oil spill, 
or should every aeddent involving local 
gasoline and fuel-oil tank trucks be fac¬ 
tored into the equation? 

This question becomes even more dif¬ 
ficult in the case of costs that are not 
easily quantified* Environmental costs 


include not only building corrosion, 
toxic waste emissions and crop loss¬ 
es but also generation of greenhouse 
gases, destruction of natural habitats 
and loss of spedes diversity. How are 
these to be valued? Similarly, how r does 
one gauge the costs of the dislocations 
caused by the boom-and-bust cycle of 
oil prices, and who should pay it? 

n conomists are making progress 
|H toward answering some of these 
questions, A number of methods 
can be used to calculate various por¬ 
tions of the real cost of energy. Among 
the simplest to calculate are the sub¬ 
sidies—-roughly $50 billion per year— 
that the federal government delivers 
to energy producers in the form of tax 





Estimates of societal burdens created 
by energy consumption and production 
vary widely depending on researchers’ 
initial assumptions. The largest varia¬ 
tion is in health effects, which reflect 
both the difficulty of putting a price on 
human life and disagreements as to 
what part of pollution-related disease 
costs should be ascribed to energy use. 

credits and research funding. About 
$26 billion goes to fossil fuels, which 
supply 85 percent of the roughly 80 
quadrillion BTUs consumed in the U.S. 
each year. Another $19 billion sub¬ 
sidizes nuclear power, which supplies 
about 7 percent of U.S. energy con¬ 
sumption, and $5 billion supports re¬ 
newable energy sources, which supply 
about 8 percent. 

Researchers have used three dispar¬ 
ate methods to calculate the environ¬ 
mental effects of energy consumption: 
control cost, damage cost and contin¬ 
gent evaluation. Control cost is the sim¬ 
plest measure and also the least ac¬ 
curate: it merely tallies the amount a 
power-plant operator, automobile man¬ 
ufacturer or other enterprise must 
spend to comply with existing environ¬ 
mental standards. Alternative technolo¬ 
gies can be compared according to their 
control costs. 

Unfortunately, the expense of meet¬ 
ing federal regulations bears little or 
no relation to the damages imposed on 
society by a given pollutant. Permissi¬ 
ble emission levels (and thus the cost 
of controlling them) typically depend 
on political compromises among inter¬ 
est groups rather than technical under¬ 
standing of the problems at hand. 

Furthermore, calculations of control 
costs are usually specific to particular 
pollutants and control technologies; 
they may not address all the risks in¬ 
volved, and they may not even repre¬ 
sent the most cost-effective approach 


to solving a particular environmental 
problem. (For example, scrubbers used 
to remove sulfur emissions from coal 
cost significantly more than just burn¬ 
ing low-sulfur coal to start with.) 

Measuring actual damage to the en¬ 
vironment yields figures that could 
be much more appropriate for choos¬ 
ing among energy options. This meth¬ 
od, however, requires a detailed under¬ 
standing of how each of the pollutants 
emitted by a given energy source moves 
through the atmosphere; how it under¬ 
goes chemical transformations; how it 
is deposited in water, on lung surfaces 
and elsewhere; and how much it af¬ 
fects each entity it encounters. 

In principle it should be relatively 
easy to estimate the damage done by 
various energy sources to market-val¬ 
ued goods, such as crops or building 
materials. In practice, analysts often 
disagree. For example, the Environmen¬ 
tal Protection Agency estimates that 
energy-related ozone emissions reduce 
U.S. crop yields by 12 percent, cost¬ 
ing more than $2.5 billion per year. 
Researchers at Cornell University have 
placed the lost yield as high as 30 per¬ 
cent. Similarly, it has been estimated 
that if the U.S. produced all its own oil 
rather than importing it, the increased 
employment of U.S. workers would be 
worth $30 billion to the economy as 
a whole. Many economists, however, 
would dispute this conclusion, assert¬ 
ing that workers who lose energy-relat¬ 
ed jobs are absorbed into other sectors 
of the economy. 

Moreover, many of the entities that 
suffer from environmental degrada¬ 
tion are not commercially traded, and 
so their value is not easily measured. 
Among them are historical monuments, 
species diversity, ecosystem preserva¬ 
tion, wildlife and wilderness areas, and 
visibility. 

Insisting on a precise value for such 


items is simply a recipe for prolonged 
inaction. Researchers can set a reason¬ 
able price by indirect methods, such as 
contingent evaluation. Surveys can find 
out how much people would be will¬ 
ing to pay to avoid incurring a specific 
kind of environmental damage or other 
social cost—or, conversely, how much 
compensation they would ask to be 
willing to suffer a particular insult to 
their surroundings. 

In 1990 the Bonneville Power Admin¬ 
istration canvassed rate payers in Ore¬ 
gon, Washington, Idaho and Montana 
to determine how much they might be 
willing to pay for alternatives such as 
solar energy, wind power or increased 
energy conservation. A representative 
sampling of these 3.6 million consum¬ 
ers indicated that they would be willing 
to pay $13.30 each, or a total of $48 
million extra a year, to avoid having a 
nuclear power plant built near them. 
Consumers were willing to pay $46 mil¬ 
lion to avoid a fossil-fuel plant and $20 
million to avoid a new hydroelectric 
plant. These are hardly insubstantial 
sums to apply to the development of al¬ 
ternative energy technologies. 

Contingent evaluation can also put 
prices on potential future environmen¬ 
tal risks, such as nuclear accidents or 
global warming, whose likelihood and 
cost are both unquantifiable by conven¬ 
tional means. Although such valuations 
must be treated with caution, they may 
furnish a middle ground for action in 
situations where policymakers might 
otherwise be caught between advocates 
of intense anticipatory crisis manage¬ 
ment and those who insist on a wait- 
and-see approach. 

D uring 1989, the Office of Conser¬ 
vation and Renewable Resourc¬ 
es at the U.S. Department of En¬ 
ergy conducted two preliminary studies 
on the external cost of electric power 
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generation. The studies compared air 
pollution, land use, material require* 
merits and carbon dioxide emissions 
from f'ossil-lud, nuclear and renewable 
energy technologies at all stages of gen¬ 
eration from initial fuel extraction to 
decommissioning. The results provide a 
mechanism for comparing the environ¬ 
mental impacts of energy technologies 


that have very different characteristics. 

One important fact highlighted by 
the doe studies is that no energy tech¬ 
nology is completely environmentally 
benign. For example, although photo¬ 
voltaic cells emit no pollutants during 
operation, their manufacture requires 
large quantities of hazardous materi¬ 
als, and their ultimate disposal could 


release toxic elements such as arse¬ 
nic and cadmium to the environment. 
The studies found, however, that com¬ 
plaints of excessive land use leveled 
at solar and renewable energy tech¬ 
nologies are inaccurate: producing en¬ 
ergy from coal or uranium has similar 
real estate demands. The only differ¬ 
ence is that coal, uranium and biomass 



ACID RAIN damage is among the best-established conse- however, because it affects assets such as forests, streams 
quencesof energy consumption. Its cost is difficult to assess, and lakes, whose market value is not readily quantified. 
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consume land at fuel-extraction sites, 
whereas solar and wind power consume 
land at the generating site. 

Some of the choice among various 
energy technologies, then, is a matter 
of selecting the kind and location of ex¬ 
ternalities. Nevertheless, the doe work¬ 
ers did find an overall difference in to¬ 
tal externalities. Nuclear power (under 
normal operation), photovoltaics and 
renewable energy sources clearly do 
less damage to their environment than 
does coal burning. 

The doe policy office has commis¬ 
sioned further studies at Oak Ridge 
National Laboratory and Resources for 
the Future to analyze all the net social 
costs of different methods of energy 
production. For each fuel cycle under 
study—fossil, uranium or renewable- 
workers will measure all resource im¬ 
pacts, including requirements for la¬ 
bor, capital and materials as well as en¬ 


ergy 's effects on air and water quality 
and on national security. This project 
is proceeding in conjunction with simi¬ 
lar studies by the European Communi¬ 
ty and other nations. When the work is 
completed in 1992, policymakers will 
be better able to compare existing and 
emerging energy' technologies. 

H ow should the external costs of 
energy be internalized? Taxes 
on energy offer a simple means 
to harness the actual power of the mar¬ 
ketplace. A number of economists have 
estimated, for example, that a tax of 
$28 per ton on carbon-containing fuels 
would stabilize emissions of carbon di¬ 
oxide, the primary cause of the green¬ 
house effect, over the coming decade. 
It would also reduce emissions of oth¬ 
er pollutants. 

Taxes may not always be the best 
method for internalizing energy costs. 


hi some cases, such as electricity gen¬ 
eration, the choice of energy source 
is irrevocably made long before anyone 
starts paying taxes on the amount 
of fuel consumed. Many state utili¬ 
ty' boards have turned to a technique 
known as integrated resource planning, 
which aims to meet energy demand at 
the least possible overall cost. 

This method entails examining the 
costs of many different options in 
addition to simply building new pow¬ 
er plants. Factors considered include 
conservation, efficiency improvements 
in existing systems, conversion to new 
fuel sources and nontraditional resour¬ 
ces such as wind or solar energy. So far 
26 states have begun the process of re¬ 
quiring public utilities to account for 
external costs in their integrated re¬ 
source plans; 18 have already mandat¬ 
ed that this be done. 

As a first step, public utility commis- 
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Making additional electricity available by investing in efficient power plants. This analysis includes both direct costs and so- 
buildings and equipment is less expensive than building new dal burdens. (Lighter shades indicate a range of estimates.) 
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sions often decide to give preference to 
technologies that provide economic and 
environmental benefits without speci¬ 
fying exactly how the preference will 
work. The next stage is to include ex¬ 
ternalities by adding a fixed percentage 
to the estimated costs of polluting tech¬ 
nologies (or by subtracting a similar 
percentage from the estimated costs of 
conservation or alternative energy tech¬ 
nologies), These so-called percentage 
adders are a simple, although arbitrary, 
way of bringing environmental costs to 
bear in the marketplace, 

Wisconsin, for example, considers 
either conservation or nonfossO fuel- 
generating capacity economically com¬ 
parable to a conventional system even 
if it costs as much as 15 percent more. 
The state's public service commission 
also requires utilities to include the fu¬ 
ture cost of mitigating air-quality prob¬ 
lems in proposals to renovate existing 
power plants. These estimates must 
take into account the increased expen¬ 
ditures that will be needed to meet fu¬ 
ture emission standards, which are ex¬ 
pected to be more stringent than those 
in effect today. 

Several states have begun employ¬ 
ing more sophisticated methods that 
value environmental costs directly. New 
York State, for example, adds a certain 
amount per kilowatt-hour based on air 
and water pollution and land degrada¬ 
tion to the expected price of electricity 
from each source. A coal-burning pow¬ 
er plant without scrubbers, located in 
the middle of a city, would merit a pen¬ 
alty of 1.405 cents per kilowatt-hour, or 
nearly 25 percent of its total cost. Oth¬ 
er power sources are penalized pro¬ 
portionately less. 

Yet other states, including California, 
Oregon, Wisconsin, New Jersey and Col¬ 
orado, are examining even more com¬ 
plex methods, such as those developed 
by Shepard C. Buchanan and his col¬ 
leagues at the Bonneville Power Admin¬ 
istration. These approaches are based 
on the total cost per kilowatt-hour pro¬ 
duced or saved over the lifetime of a 
power-generating or conservation re¬ 
source. The total cost includes the capi¬ 
tal cost of building a plant or purchas¬ 
ing conservation equipment, the incre¬ 
mental costs of generating or saving 
each kilowatt-hour and various identi¬ 
fiable environmental and social costs. 
Conservation receives an additional 10 
percent bonus because of its many un¬ 
quantified environmental benefits. 

Applying this scheme to the Bonne¬ 
ville Power Administration's own needs 
for the next 20 years produced surpris¬ 
ing results. The most cost-effective re¬ 
sources were conservation and efficien¬ 
cy improvements in existing hydroelec¬ 


tric facilities. The most expensive op¬ 
tions—new nuclear plants, cogeneration 
and coal-fired generators—cost two to 
three times as much per generated kilo¬ 
watt-hour. 

Although such a study considers con¬ 
servation as a way of meeting electric¬ 
ity demand, as regulations stand to¬ 
day, virtually the only way for utili¬ 
ties to increase profits is to sell more 
electricity. Regulations must be sys¬ 
tematically revised to allow utilities to 
make a profit from conservation by 
their customers. 

W ork by the doe and others is 
making an important contri¬ 
bution to understanding the 
societal costs of energy . Translated into 
energy-pricing mechanisms, this under¬ 
standing will allow the marketplace to 
move toward wise and profitable long¬ 
term energy-use decisions. Currently, 
however, the federal government is lag¬ 
ging while enlightened states such as 
California, New York and Wisconsin are 
leading the way, particularly with re¬ 
spect to planning for electric power gen¬ 
eration. The federal government should 
follow suit by imposing taxes on fuels 
to match their external costs. 

Government can help in other ways: 
by establishing performance standards 
that encourage the development of new 
products that save energy, by educat¬ 
ing the public about the need for a 
broader perspective on energy' pricing 
and by funding research and develop¬ 
ment of advanced energy' technologies. 
Sooner or later the public has to pay 
the real cost of energy. Paying those 
costs sooner means higher prices for 
gasoline, heating oil and electricity. This 
will be uncomfortable, even painful, 


for consumers. Attempting to pay lat¬ 
er, however, may cost consumers far 
more and require more drastic action. 

If the coming decades bring unprec¬ 
edented climate changes and an in¬ 
creasingly poisonous atmosphere, con¬ 
sequences may include severe curtail¬ 
ment of heavy industry, banning of 
private automobiles in urban centers, 
mandatory restrictions of heating and 
air conditioning, and escalating global 
conflicts over resources and pollution. 

Clearly, the sooner that policymak¬ 
ers and citizens act prudently to inter¬ 
nalize all the costs of energy, the bet¬ 
ter, Paying societal and environmental 
costs up front will mean higher pric¬ 
es for today's energy consumers. But 
these higher prices will encourage more 
efficient use of energy and will favor 
technologies that are cost-effective for 
society as a whole. When prices reflect 
full costs, the market is an excellent 
system for strengthening the economy 
and for dealing with such serious is¬ 
sues as clean air, global climatic change 
and energy security . 
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The Structure of Quasiciystals 

Quasicrystals are neither uniformly ordered like crystals nor 
amorphous like glasses. Many features of quasicrystals can 
be explained, but their atomic structure remains a mystery 

by Peter W. Stephens and Alan I. Goldman 


W hen aluminum, copper and 
iron are melted together and 
cooled, they can solidify to 
form a grain in the shape of a perfect 
dodecahedron, a geometric solid whose 
12 faces are regular pentagons. Al¬ 
though this dodecahedral grain looks 
like a crystal, it is not. Crystals are 
composed of identical building blocks 
called unit cells, each containing pre¬ 
cisely the same distribution of atoms 
and each fitting together with its neigh¬ 
bors in the same way. A dodecahedral 
grain cannot be constructed from atoms 
in unit cells of a single shape whether 
they be small cubes or even dodeca¬ 
hedrons. The dodecahedral grain is a 
quasicrystal. 

Indeed, all probes of atomic-scale 
structure show that quasicrystals are 
not made up of repeated unit cells. It 
is clear that these exotic new materi¬ 
als cannot be cry stals, but it is not im¬ 
mediately apparent just what they are. 
As physicists, chemists and materials 
scientists have investigated the struc¬ 
ture of quasicrystals, they have come 
to realize that periodic crystals, whose 
atomic structures they have studied 
over the past 78 years, are but a subset 
of the possible types of ordered solids. 

Since 1984, when Dan S. Shechtman 
and his colleagues at the National In¬ 
stitute of Standards and Technology’ 
(nist) discovered the first quasicrystal, 
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workers have fabricated many different 
species of quasicry stalline alloys [see 
“Quasicrystals," by David R. Nelson; 
Scientific American, August 1986]. 
They have learned how to improve 
samples to the point that they can 
quantitatively study issues that were 
only idle speculations seven years ago. 
The study of quasicrystals has ad¬ 
vanced three theories about their struc¬ 
ture: the Penrose, glass and random¬ 
tiling models. 

The Penrose model—derived from 
the work of mathematician Roger Pen¬ 
rose of the University of Oxford—sug¬ 
gests that quasicrystals are composed 
of two or more unit cells that fit to¬ 
gether according to specific rules. The 
model accurately describes some of the 
basic properties of quasicrystals, but 
it has difficulty explaining how these 
rules might be related to atomic growth 
processes. 

The glass model, in contrast, relies 
on local interactions to join clusters of 
atoms in a somewhat random way. Ac¬ 
cording to the model, all the clusters 
have the same orientation, but because 
of random growth, the structure con¬ 
tains many defects. 

It now seems that the two mod¬ 
els are converging toward a third, the 
random-tiling model, which combines 
some of the best features of its prede¬ 
cessors. In the past few years the struc¬ 
ture of quasicrystals has been one of 
the most hotly debated topics in solid 
state physics. The resolution of this de¬ 
bate may lead to a theory of quasicrys¬ 
talline structure and guide the develop¬ 
ment of materials with unusual struc¬ 
tural and electrical properties. 

T o produce the first quasicrystals, 
Shechtman and his colleagues at 
NIST melted together aluminum 
and manganese and then squirted the 
molten metals against a rapidly spin¬ 
ning wheel, thereby achieving a cooling 
rate of about one million kelvins per 
second. This abrupt cooling process, 
called quenching, can “shock" the alloy 


into a variety of novel structures, or 
phases. To understand these unusual 
phases of matter, one must first have a 
grasp of some of the principles of basic 
crystallography. 

A crystal can possess only certain 
symmetries because there are a limit¬ 
ed number of ways that identical unit 
cells can be assembled to make a sol¬ 
id. For instance, a salt crystal is com¬ 
posed of cubic unit cells that stack 
to form cubic grains. Consequently, the 
salt crystal has fourfold rotational sym¬ 
metry: when the cry stal is simply rotat¬ 
ed through a quarter turn around the 
appropriate axis, atoms of the rotated 
crystal occupy the same positions as 
those of the unrotated crystal. Crystals 



QUASICRYSTAL (right) can be distin¬ 
guished from other forms by its unu¬ 
sual symmetry. The material can form 
grains in the shape of dodecahedrons, 
solids whose 12 faces are regular pen¬ 
tagons. The dodecahedral grain has 
fivefold symmetry, that is, when rotat¬ 
ed by one fifth of a circle about an axis 
through one of the faces, its appear¬ 
ance is unchanged. The grain is com¬ 
posed of aluminum, copper and iron 
and is about 300 microns in diameter. 
The electron micrograph (above), which 
shows a slice through several atomic 
layers, also exhibits fivefold symmetry. 
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can have only twofold, threefold, four¬ 
fold and sixfold symmetry. 

A crystal can never have, say, five¬ 
fold symmetry, because a single unit 
cell that has fivefold symmetry, such as 
a dodecahedron, cannot be assembled 
to completely fill space. There will al¬ 
ways be gaps between the dodecahe¬ 
dral unit cells. 

To determine the structure of a crys¬ 
tal, investigators use an indirect, but 
well understood, technique. Atoms in 
a crystal are arranged in families of 
parallel planes. Each such plane acts as 
a mirror to incoming X rays, electrons 
and other rays or particles that trav¬ 


el through space as a wave. Each plane 
reflects the incident waves very weakly. 
But if the reflected waves from each 
member of a family of planes combine 
in phase, the total intensity of the re¬ 
flected wave can become quite strong. 
This phenomenon is called diffraction; 
it occurs whenever any type of wave in¬ 
teracts with an ordered structure of the 
appropriate spacing. 

When a crystal is bombarded by a 
beam of X rays or electrons, the angles 
through which the waves are diffracted 
reveal the shape and dimensions of the 
unit cells of the crystal. The diffracted 
waves can be recorded, for example, on 


a photographic emulsion, where they 
appear as a pattern of bright spots. 

All the symmetries of a crystal are 
reproduced in its diffraction pattern, A 
crystal with sixfold rotational symme¬ 
try' will produce a diffraction pattern 
that also has sixfold symmetry. Because 
no crystal can have a fivefold symme¬ 
try axis, one would not expect to see a 
diffraction pattern that has fivefold ro¬ 
tational symmetry. 

Nevertheless, when Shechtman and 
his colleagues illuminated a grain of the 
aluminum-manganese alloy with elec¬ 
trons, they found a diffraction pattern 
that had fivefold rotational symmetry. 
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PERIODIC OR QUASIPERIODIC pattern can arise when a plane periodic in the sense that the pattern can be assembled by 
cuts through a stack of cubes < left). The green plane inter- duplicating and positioning a unit cell (white area ) in an or- 
sects the cubes to form the green pattern at the right. It is derly fashion. The blue pattern is also periodic and has a unit 


Indeed, by rotating the sample by the 
appropriate angles, they deduced that 
the alloy had six fivefold symmetry 
axes. In technical terms, the alloy has 
icosahedral symmetry, because an ico¬ 
sahedron is a 20-sided solid that has 
six fivefold rotational axes in the same 
orientation as the alloy. 

The icosahedral alloys are only one 
of many families of quasicrystals dis¬ 
covered during the past seven years. 
All these materials have symmetries 
that are “forbidden” in conventional 
crystals. Leonid A. Bendersky of MIST 
found that aluminum and manganese 
can form a material that is periodic 
along one direction and has tenfold ro¬ 
tational symmetry in the perpendicular 
plane. Workers have also recently fabri¬ 
cated quasicrystals with eightfold and 
12-fold symmetry. In some sense, these 
quasicrystals provide a link between 
quasicrystalline and crystalline order. 
They also demonstrate that the phe¬ 
nomenon of quasicrystallinity extends 
far beyond ideas about icosahedral 
symmetry and the stability of specific 
icosahedral dusters of atoms. 

T he first model for quasicrystals 
emerged from the mathematics 
of tiling—a field advanced by 
Penrose and others during the 1970s 
|see “Mathematical Games," by Martin 
Gardner; Scientific American, Janu¬ 
ary 1977J, Penrose examined how two 
or more shapes could be assembled in 
a quasiperiodic way to tile a plane, that 
is, to cover it completely with shapes 
that do not overlap. Each of these qua¬ 


siperiodic tilings, now known as Pen¬ 
rose tilings, could be constructed using 
a set of instructions called matching 
rules \see box on page 29 ]. 

In 1982 Alan L. Mackay of the Uni¬ 
versity of London calculated the dif¬ 
fraction properties of a theoretical qua¬ 
siperiodic structure. He demonstrated 
that if atoms were placed at the cor¬ 
ners of each shape in a Penrose tiling, 
they would give rise to a diffraction pat¬ 
tern that had tenfold symmetry'. Then, 
in 1984, Peter Kramer and Reinhardt 
Neri of the University of Tubingen ex¬ 
trapolated the concept of two-dimen¬ 
sional Penrose tilings to three dimen¬ 
sions. Dov Levine and Paul J. Steinhardt 
of the University' of Pennsylvania had 
also been considering the possibility of 
alternative forms of atomic order based 
on Penrose tilings. 

Building on this early work, Levine 
and Steinhardt proposed the Penrose 
model for quasi crystals only six weeks 
after Shechtman and his colleagues 
published their famous paper. They put 
forth a three-dimensional generahza- 
don of the Penrose tiling that described 
the structure of the aluminum-manga¬ 
nese alloy, and they showed that the 
pattern of diffraction peaks calculat¬ 
ed from their model agreed well with 
Shechtman s results. 

Penrose quasicrystals are construct¬ 
ed from a set of unit cells and specific 
matching rules that govern how they fit 
together. These rules are more compli¬ 
cated than the identical repetition of 
identical unit cells that form a crystal. 
Three important features distinguish 


a Penrose quasicrystal from a crystal. 

First, a Penrose quasicrystal contains 
many regions that explicitly show for¬ 
bidden rotational symmetries, that is, 
fivefold. Second, a Penrose quasicrystal 
is built from two or more unit cells 
rather than a single unit cell as suffices 
for periodic crystals. Third, a Penrose 
quasicrystal does not exhibit equally 
spaced rows of lattice points as the pe¬ 
riodic structures do. Nevertheless, the 
diffraction pattern resulting from a Pen¬ 
rose quasicrystal has an array of sharp 
spots, in agreement with the experi¬ 
mental observations. 

One can elegantly describe the struc¬ 
ture of Penrose quasicrystals and their 
corresponding diffraction patterns if 
one thinks of Penrose structures as 
resulting from a slice through a high¬ 
er-dimensional periodic lattice. This 
concept is easiest to visualize in two 
dimensions. 

Imagine a two-dimensional lattice 
composed of points that sit at the cor¬ 
ners of squares in a grid. A horizontal 
line of these points is covered by a 
strip. If the covered points are project¬ 
ed onto a line I hat is parallel to the 
strip, the projected points will be equal¬ 
ly spaced along the line. Those points 
define a periodic sequence because they 
divide the line into equal-size segments. 
To produce a quasiperiodic sequence, 
the strip must be tilted with respect to 
the lattice so that it has a slope equal 
to an irrational number \see illustration 
on page 28]. (A number is irrational if, 
when expressed as a decimal, no set of 
consecutive digits repeats itself indefi- 
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cell. The red pattern, which can not be constructed from a the slope of the green plane with respect to the stack of 
single unit cell, is quasiperiodic. Whether a pattern is period- cubes and the slope of die blue plane are equal to rational 
ic or quasiperiodic depends on the angle of the cut. Whereas numbers, the slope of the red plane is an irrational number. 


nitely, for example, the number n f or 
3*1415_> If the points that are cov¬ 

ered by the strip are then projected 
onto a line parallel to the strip, the pro¬ 
jected points will divide the line into a 
quasiperiodic sequence of long and 
short segments. 

This sequence serves as a one-dimen¬ 
sional model of a quasicrystal if one 
imagines that an atom is placed at each 
point that divides the line into long 
and short segments, like other qua- 
sicrystals, the quasiperiodic sequence 
has unusual diffraction properties. One 
might guess that the one-dimensional 
model would generate a blurry diffrac¬ 
tion pattern because the atoms are not 
periodically spaced. But careful calcula¬ 
tion proves otherwise. In fact, the qua¬ 
siperiodic sequence produces a sharp 
diffraction pattern as a consequence of 
periodicity of the two-dimensional par¬ 
ent lattice. 

The diffraction pattern derived from 
a quasiperiodic sequence consists of 
a dense set of weak and strong peaks 
[see illustration on next page]. In experi¬ 
ments, one detects only the strongest 
of these peaks. Even so, one can still 
show that the quasiperiodic sequence 
is not a crystal because of the aperiodic 
sparing between the observable peaks. 

To make quasiperiodic structures in 
two dimensions, one needs a lattice in 
a space of even higher dimension. For 
example, a plane that cuts through a 
stack of cubes at an angle can form 
a quasiperiodic two-dimensional struc¬ 
ture if the slopes between the plane 
and the cube axes are irrational num¬ 


bers [see illustration above], (indeed, a 
two-dimensional Penrose tiling that has 
fivefold symmetry can be produced by 
a projection from a five-dimensional 
lattice.) 

Using similar reasoning, theorists 
have described icosahedral quasicrys¬ 
tals as a three-dimensional cut through 
an abstract six-di men si onal lattice. 
This kind of cut leads to the type of 
quasiperiodic structures proposed in 
the Penrose model. By describing qua- 
sicrystals in this way, one can under¬ 
stand how quasicrystals can have un¬ 
usual symmetries and yet not contra¬ 
dict the precepts of crystallography. 
Whereas the possible symmetries of 
the diffraction patterns of crystals are 
limited by the possible symmetries of 
the crystals themselves, the symme¬ 
tries of quasicrystais derive from those 
of a higher-dimensional parent lattice. 

in general, a quasiperiodic structure 
will give rise to a diffraction pattern 
that has great order because of the pe¬ 
riodic order in the higher-dimensional 
parent lattice. 

A lthough the Penrose model is very 
successful in predicting the dif- 
L fraction patterns generated by 
icosahedral alloys, it gives few dues 
about how physical reality is relat¬ 
ed to multidimensional spaces and 
matching rules. In particular, although 
the Penrose matching rules are local, 
a great deal of planning ahead is re¬ 
quired to construct a perfect Penrose 
quasicrystal. Growing such a quasicrys¬ 
tal requires that atoms in very distant 


unit cells would have to interact in 
some manner to communicate their po¬ 
sitions and relative orientations. This 
idea is contrary to all generally accept¬ 
ed notions about crystal-binding for¬ 
ces, which are relatively short range. 

Another objection to the Penrose 
model is that it fails to account for 
the considerable disorder evident in al¬ 
most all quasicrystais. This disorder ap¬ 
pears in their structural, electrical and 
diffraction properties. For instance, one 
consequence of the Penrose model is 
that a perfect quasicrystal should con¬ 
duct electricity as well as an ordinary 
metallic crystal. In fact, all quasicrys¬ 
tais produced in the laboratory have 
conducted electricity rather poorly. 

A more important sign of disorder is 
revealed in the X-ray diffraction pat¬ 
terns from icosahedral alloys. In many 
cases, these show broadened peaks in 
contrast to the perfectly sharp peaks 
predicted by the Penrose model. Broad¬ 
ened diffraction peaks are a sign of dis¬ 
order in many crystalline materials. 
Common sources of disorder—such as 
small grain size, defects or strain—pro¬ 
duce well-known signatures in diffrac¬ 
tion patterns. But none of these signa¬ 
tures seem to match the peak broaden¬ 
ing exhibited by quasicrystais. 

The X-ray diffraction results, in fact, 
point to a new form of structural dis¬ 
order called phason disorder, which 
is unique to quasicrystais. If one com¬ 
pares a Penrose tiling or a quasiperiod¬ 
ic sequence with a conventional crystal, 
one sees that the quasiperiodic struc¬ 
tures have the ability to generate a new 
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QUASIPERIODIC SEQUENCE of long and short segments (top left) is formed when a 
strip covers a lattice at a slope equal to an irrational number. Specifically, the slope 
is the inverse of the golden mean, or about 0.618. The sequence yields a sharp 
diffraction pattern (top right). A meandering path through the lattice produces a 
random sequence (bottom left). Despite this disorder* the diffraction pattern of the 
random sequence (bottom right) is similar to that of the quasiperiodic sequence. 


form of disorder during growth: a de- 
feet can arise when the wrong kind of 
unit cell* or line segment, falls in a par- 
ticular place. A few isolated mistakes 
will not affect the diffraction properties 
of an entire sample, but if many such 
mistakes plague a sample, they will dis¬ 
turb the diffraction patterns. 

As an extreme example, imagine 
that the long and short segments in the 
one-dimensional quasiperiodic sequence 
are rearranged in a completely random 
fashion. Surprisingly, this random se¬ 
quence gives rise to a diffraction pat¬ 
tern that is quite similar to the pattern 
derived from the original quasiperiodic 
sequence. The diffraction peaks of the 
random sequence are found at the 
same positions as those from the qua- 
siperiodic sequence but are broader. In 
fact, the widths of these peaks are in¬ 
versely related to the strength of the 
corresponding diffraction peak from 
the quasiperiodic sequence, so that only 


the more intense peaks remain. Never¬ 
theless, the existence of relatively sharp 
diffraction peaks from the random se¬ 
quence indicates that quasiperiodicity’ 
can survive disorder. 

Such ideas led the authors to suggest 
in 1986 that the icosahedrai alloys had 
an inherently defect-ridden structure. 
Our proposal became known as the ico¬ 
sahedrai glass model. Randomness is 
important to the glass model in two 
ways. First, it removes the necessity of 
arcane matching rules and gives a more 
plausible explanation for quasicrystal¬ 
line growth. Second, the disorder in¬ 
troduced through randomness close¬ 
ly mimics that evidenced by the peak 
broadening of the diffraction patterns. 
Interestingly, soon after the discovery 
of quasicrystals, Shecbtman and Ilan 
Blech of Israel Institute of Technology- 
Technion in Haifa suggested that icosa¬ 
hedrai quasicrystals were composed of 
icosahedrai dusters that were random¬ 


ly connected. This theory was refined 
by the authors to the point where we 
could reproduce the experimental ob¬ 
servation of diffraction peak broaden¬ 
ing [see illustration on page 3J|. 

The attractiveness of the glass model 
extends beyond its ability to incorpo¬ 
rate disorder. Certain crystalline alloys 
contain icosahedraUy symmetric atom¬ 
ic dusters, which are plausible build¬ 
ing blocks for the glass model The size 
of those clusters is within 1 percent of 
that required to match the experimen¬ 
tal diffraction patterns. 

A s these theoretical ideas were be¬ 
ing developed in the late 1980s, 
l materials scientists and chem¬ 
ists were busy in their laboratories dis¬ 
covering dozens of new icosahedrai 
alloys. Some of the materials were vari¬ 
ations of the aluminum-manganese al¬ 
loys, but investigators also synthesized 
new families, such as aluminum-zinc- 
magnesium, uranium-palladium-silicon 
and nickel-titanium. 

One of the most important results to 
come from these new materials was the 
discovery that quasicrystalline phas¬ 
es could be thermodynamically stable. 
The quenching process initially used by 
Shechtman and others produced very 
small grained quasicrystalline phases 
that* when heated, transformed irre¬ 
versibly into common crystalline phas¬ 
es. Unfortunately, this metastability 
prevented workers from improving the 
quality of samples by heat treatment 
and other metallurgical techniques. 
Hence, the first quasicrystals had grain 
sizes of only a few thousandths of a 
millimeter, making many kinds of ex¬ 
periments impossible. 

Several materials discovered in the 
past few years, however, retained their 
qua si crystal line structure up to their 
melting point. Hence, workers could 
prepare much larger samples by con¬ 
ventional crystal growth techniques. In 
this way, they have recently made al¬ 
loys that have single grains as large as 
10 millimeters in size. 

Astonishingly, when these first sta¬ 
ble quasicrystals of aluminum, iitlmmi 
and copper were grown slowly enough 
to form large, faceted surfaces, they 
still suffered from the same degree of 
phason disorder as did their cousins 
formed by quenching. The discovery 
of phason disorder in these materi¬ 
als seemed to support the icosahedrai 
glass model. 

Although the icosahedrai glass mod¬ 
el is more successful at predicting the 
diffraction patterns, it goes too far in 
its attempt to incorporate disorder. It 
leaves too many gaps or tears in the 
structure where icosahedrai clusters 
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How to Grow a Penrose Tiling 


A Penrose tiling can be constructed from two kinds of 
rhombuses that have been decorated with colored bands- 

<f> <8> 

To make a Penrose tiling, one fits these rhombic tiles 
together according to the following "matching" rule: two 
rhombic tiles can be placed side to side only if bands of the 
same color join continuously across their interface. Some 
examples are shown below. 



In growing a Penrose tiling, one starts with a single tile and 
adds each subsequent tile to the outer boundary. One 
assumes that once the tile has been positioned, it cannot be 
removed or shifted. (This growth process is somewhat similar 
to the formation of crystals, in which groups of atoms firmly 
attach themselves to the surface of a “ seed" crystal.) 

Growing a Penrose tiling is complicated by the fact that a 
given position on the boundary can often accommodate either 
of the two kinds of tiles. For example, a fat rhombus or two 
thin ones could be fit in the space at the top of these five tiles. 



When these situations arise, one could choose among the 
possibilities at random. But such choices can lead to other 
problems. The rhombic tiles can be assembled so that they 
obey the matching rule but prevent other tiles from being 
added to the boundary. For example, neither a fat rhombus 
nor a thin rhombus can fit into the space at the left in the 
following configuration. 



in general, if a wrong choice is made, the tiling will stop 
growing at some later point. 

Can one develop a procedure that will allow Penrose tilings 
to grow indefinitely? Following the work of John H, Conway of 
the University of Cambridge and Nicolaas G. deBruijn of 
Eindhoven University of Technology, George Onoda of the IBM 
Thomas J. Watson Research Center and co-workers have taken 
the first step toward a solution. 

To understand their method, one must first realize that each 
vertex in an infinite Penrose tiling is surrounded by one of 
eight combinations of tiles as shown below. 



If a vertex on the boundary of a growing pattern will 
accommodate one or more tiles in only one way that is 
consistent with one of the eight vertices, then it is said that the 
vertex is forced. For example, the vertex indicated below by a 
dot is forced. 



The boundary of a growing pattern will always contain at 
least one forced vertex if one starts with a particular seed in 
which the matching rules have been violated in certain places. 
Such a seed is represented by the white region below. The 
region contains two matching-rufe violations that occur 
between the tiles shaded in light blue and yellow. As tiles were 
added to forced vertices on the boundary of the white region, 
the tiling began to grow, and new forced vertices were created 
on the new boundary. (Each forced vertex on the boundary in 
the pattern below is labeled with an F.) Because this growth 
process can be continued indefinitely, the tiling can be 
enlarged to any size. It will be a perfect Penrose tiling except 
for the original defects in the seed. 


This procedure for growing Penrose tilings simulates only 
some aspects of real atomic growth. One can sensibly assume 
that forced vertices on the boundary represent sites where 
atoms attach easily to some surface. On the other hand, it 
seems unreasonable that some vertices will wait for an 
indefinite time before they become forced. It also seems odd 
that although several violations of the matching rules must 
occur in concert to produce an appropriate seed, additional 
mistakes must be avoided. Perhaps these issues will be 
resolved by further research. 
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THREE MODELS have been proposed lo account for the struc¬ 
ture of quasicrystals and their diffraction patterns. The Pen¬ 
rose model is represented by the quasiperiodic lattice at the 
top left. The lattice is composed of pentagons, diamonds, 
stars and “boats” that have been assembled according to spe¬ 
cific matching rules. The glass model yields the structure at 
the middle left. This structure is made of pentagons that 
have been stuck together, side by side, in a random way. The 


random-tiling model depicted at the bottom left is similar to 
the Penrose model, but it contains mistakes that are forbid¬ 
den by the matching rules of the Penrose model. For each of 
these structures, one can calculate its diffraction pattern (dia¬ 
grams at right), which can then be compared with experimen¬ 
tal results. The Penrose and random-tiling model both yield 
sharp diffraction peaks, but the diffraction peaks from the ran¬ 
dom-tiling model (bottom right) are surrounded by faint halos. 
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cannot fit. These tears are, of course, 
absent in the Penrose model. The net 
effect of the tears is that the glass mod¬ 
el overestimates the degree of broad¬ 
ening in diffraction patterns. 

While the proponents of the Penrose 
and glass models debated the impor¬ 
tance of local gTowth and phason dis¬ 
order, a third group of investigators de¬ 
vised the random-tiling model, which 
combines some of the best concepts 
from the Penrose and the icosahedral 
glass models. The random-tiling mod¬ 
el suggests that the strict matching 
rules of the Penrose model do not have 
to be obeyed, as long as there are no 
gaps left in the structure. Surprising¬ 
ly, the random-tiling model predicts 
perfectly sharp diffraction peaks, just 
like its more ordered cousin, the Pen¬ 
rose model. 

The apparent advantage of the ran¬ 
dom-tiling model is that it requires 
only local growth rules. For instance, 
Michael Widom, Katherine j. Strand- 
burg and Robert H, Swendsen of Car- 
negie-Mellon University demonstrated 
that they could simulate the growth 
of these defect-filled tilings by apply¬ 
ing the same computer algorithms used 
to simulate the growth of periodic crys¬ 
tals, Furthermore, they found that un¬ 
der certain circumstances the defect- 
filled tiling was more thermodynamical¬ 
ly stable than a normal crystal. These 
investigators and Christopher L. Hen¬ 
ley of Boston University demonstrat¬ 
ed that the disorder associated with 
errors in a perfect quasiperiodic struc¬ 
ture can actually stabilize quasicry stal¬ 
line order, at least with respect to some 
competing crystalline phase. The rel¬ 
ative importance of disorder increases 
with temperature, so that the random- 
tiling model predicts that quasicrystals 
achieve the stable, equilibrium phase 
only at elevated temperatures. 

Over the past few years the three 
competing models for the ieosahedral 
alloys have been refined to produce 
closer agreement with experiments and, 
in particular, diffraction data. For in¬ 
stance, theorists introduced mecha¬ 
nisms for producing disorder in ideal 
quasiperiodic structures to mimic more 
closely the broadened diffraction peaks. 
They developed algorithms to grow 
nearly perfect Penrose tilings by rules 
that seemed more plausibly local. At 
about the same time, Veit Elser, then at 
AT&T Bell Laboratories, modified the 
glass model by incorporating more 
realistic atomic motions during the 
simulated growth of a quasicrystalline 
grain; he found that the calculated dif¬ 
fraction patterns in such a grain did 
not exhibit excessive peak broadening 
beyond the experimental results. .All 



SCATTERING ANGLE (DEGREES) 


DIFFRACTION PROPERTIES of a quasicrystal composed of aluminum, copper and 
lithium were revealed by bombarding the quasicrystal with a beam of X rays and 
by measuring the intensity of the scattered X rays at various angles relative to the 
beam. The graph shows that the diffraction peaks sharpened with increasing angle. 
This sharpening is the signature of phason disorder, a kind of structural defect 
found only in quasicrystals. The measurements were taken by Paul Heiney, Paul 
Horn, Frank Gayle and their co-workers at the National Synchrotron light Source, 


these models were converging toward 
a middle ground incorporating some 
degree of phason disorder. To some ob¬ 
servers, it seemed as though the differ¬ 
ences between the models were dis¬ 
solving into semantics. 

A series of experiments performed 
in 1989, however, essentially narrowed 
the field of plausible models to two: 
the Penrose and random-tiling models. 
Physicists at Tohoku University in ja¬ 
pan discovered a new family of icosa- 
hedral alloys, including aluminum-cop¬ 
per-iron and aluminum-eopper-rutheni- 
um. Remarkably, when we took X-ray 
diffraction patterns of these materials, 
we found that the peak broadening as¬ 
sociated with phason disorder—an ef¬ 
fect evident in all previously studied 
ieosahedral alloys—was absent. Peter 
Bancel of the IBM Thomas J. Watson Re¬ 
search Center independently confirmed 
these results and showed that as the 
iron alloy was heated and cooled, pha¬ 
son peak broadening could be en¬ 
hanced or diminished. 

I s quasicrystalline order produced 
by the matching rules of the Pen¬ 
rose model or by the freedom to 
scramble local groups of atoms to al¬ 
low' limited phason disorder? In an at¬ 
tempt to answer this question, sever¬ 
al laboratories, including our own, are 
continuing experiments to study the 
conditions that control the perfection 
of quasicrystals. 

While some investigators have been 
working to fathom the novel forms of 
atomic order displayed by these ma¬ 
terials, others have been developing ap¬ 
plications. Yi He, S, Joseph Poon and 
Gary J. Shiflet of the University of Vir¬ 
ginia have used insights about quasi- 
crystalline structure to synthesize me¬ 


tallic glasses containing up to 90 per¬ 
cent aluminum. They hope to exploit 
the low density' and unusually high 
strength of these materials. Jean-Marie 
Dubois and his colleagues at the Na¬ 
tional School of Mining Engineering 
in Nancy, France, have discovered that 
certain quasicrystals produce excellent 
low-friction coatings. 

Quasicrystals continue to pose excit¬ 
ing challenges for condensed matter 
scientists. Nearly all the ideas that have 
been developed to understand the elec¬ 
tronic, thermal and mechanical proper¬ 
ties of crystalline solids are based on 
the simplifying framework of periodici¬ 
ty. Now faced with quasiperiodic struc¬ 
tures, we must seek more sophisticat¬ 
ed levels of understanding. 


FURTHER READING 

iCOSAMEDRAL CRYSTALS: WHERE ARE 
the Atoms? Per Bak in Physical Review 
Letters, Vol. 56, No. 8, pages 861-864; 
February 24, 1986, 

Quasicrystal Equilibrium State, Mi¬ 
chael Widom, Katherine j. Strandburg 
and Robert H. Swendsen in Physical Re¬ 
view Letters, Vol. 58, No, 7, pages 706- 
709; February 16,1987. 

Introduction to Quasicrystals, Edit¬ 
ed by Marko V. Jane. Academic Press, 
1988. 

Al-Cu-Ru: An Icosahedral Alloy with¬ 
out Phason Disorder. C. A, Guryan, 
A. I. Goldman, P. W. Stephens, K. Hira- 
ga, A. P. Tsai, A. lnoue and T. Masumo- 
to in Physical Review Letters, Vol. 62, 
No. 20, pages 2409-2412; May 15,1989. 
Dynamical Phasons in a Perfect Qua¬ 
sicrystal. Peter A. Bancel in Physical 
Review Letters, Vol 63, No. 25, pages 
2741-2744; December 18, 1989. 
Extended Icosahedral Structures. 
Edited by Marko V. Jaric and Dennis 
Gratias. Academic Press, 1989. 


Scientific American April 1991 31 














Molecular Zippers 
in Gene Regulation 

Recurring copies of the a mino acid leucine in proteins 
can serve as teeth that “zip” two protein molecules together. 
Such zippering plays a role in turning genes on and off 


by Steven Lanier McKnight 


L ike contemporary scientists, the 
cells of humans and other mul- 
J ricellular organisms tend to spe¬ 
cialize. Consider, for example, skin cells 
and liver cells* The skin cells known as 
keratinocytes form a protective barrier 
between an animal and its surround- 
mgs. They are quite different from the 
hepatocytes of the liver, which store 
glycogen (a source of energy), eliminate 
toxins from the blood and secrete many 
constituents of blood serum, including 
albumin. The question of how such dif¬ 
ferences arise has challenged biologists 
for the better part of a century. 

A somewhat superficial answer might 
be that the identifying properties of 
cells derive from the specialized pro¬ 
teins they produce, as distinct from the 
"housekeeping" proteins made in every 
cell* For instance, keratinocytes gain 
their strength from fibrous proteins 
called keratins, which assemble into 
long, intertwined cables. Similarly, hep¬ 
atocytes can store glycogen because 
they synthesize liver-specific enzymes 
tailored to that task. 

At a deeper Level, one might add that 
because the instructions for making 
proteins are carried in the genes, the 
defining properties of a cell are deter¬ 
mined by the mix of genes that are ac¬ 
tive. {Each gene, which is made up of 
DNA, specifies a single protein.) 


STEVEN LANIER MCKNIGHT is a staff 
member in the department of embryolo¬ 
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ington in Baltimore and is an investi¬ 
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cept for the years 1981 to 1984, which 
he spent at the Fred Hutchinson Cancer 
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Even this more precise answer begs 
the question, because if does not ex¬ 
plain why certain genes are activated 
in one cell but not in another. Virtual¬ 
ly all cells in an organism carry identi¬ 
cal genes* Yet only keratinocytes abun¬ 
dantly express keratin genes, that is, 
they transcribe the genes into messen¬ 
ger RNA templates for the keratins and 
then translate those templates into the 
keratins themselves* Likewise, only he¬ 
patocytes express the albumin gene* 
Thus, the problem of differential gene 
expression continues to challenge, but 
it is slowly yielding to scrutiny, as is 
the broader question of how any gene 
is switched on and off. In our own con¬ 
tribution to such work, my colleagues 
and 1 at the Carnegie Institution of 
Washington have built on the major 
discovery , made by other workers, that 
gene expression is controlled to a great 
extent by proteins that bind to DNA. 

We have demonstrated that many 
such gene-regulating proteins "zip” to¬ 
gether into pairs. This linkage is critical 
to their ability to bind to DNA. It also 
seems to control gene activity in other 
ways and to play a pari in determining 
why a gene is turned on in one cell but 
not in another. Because the "teeth" that 
join the molecules almost always con¬ 
sist of the amino acid leucine, we have 
come to call the toothed region the leu¬ 
cine zipper. 

W e discovered the leucine zip¬ 
per in 1987, as we were try¬ 
ing to I earn more about how 
DNA-binding proteins activate genes* 
The first such proteins had only recent¬ 
ly been identified. Investigators knew 
something about how they worked, but 
an impasse of sorts had been reached. 
To understand that impasse, it helps to 
have a sense of the state of research at 
the time. 

Gene regulatory proteins were dis¬ 


covered as an outgrowth of research 
into the structure of DNA and, later, 
into the organization of genes. By the 
early 1980s scientists had Imow^n for 
more than 25 years that DNA is a dou¬ 
ble helix, composed of two strands 
of nucleotides (the building blocks of 
DNA), Nucleotides consist of a sugar, 
a phosphate and chemical group called 
a base—either adenine (A), cytosine 
(C), guanine (G) or thymine (T). The 
two DNA strands are linked at the bas¬ 
es, and the nucleotides thus coupled 
are known as base pairs. Adenine on 
one strand always pairs with thymine 
on the complementary strand, and cy¬ 
tosine pairs with guanine. 

Investigators had also determined 
that genes include bo tin a protein-encod¬ 
ing element and regulatory elements* 
The base pairs of the encoding dement 
specify' die amino acids to be Linked to¬ 
gether into a protein chain—the gene 
product. The regulatory elements con¬ 
trol transcription of the encoding seg¬ 
ment. Work in bacteria, and subse¬ 
quently in multicellular organisms, es¬ 
tablished that one regulatory element, 
called the promoter, lies adjacent to 
the encoding region. The promoter dic¬ 
tates where on the DNA molecule an 
enzyme called RNA polymerase will ini¬ 
tiate transcription, and it influences 
the rate of transcription. 

During the 1980s, studies of viruses 
uncovered other regulatory elements 
called enhancers* An enhancer can lie 
thousands of base pairs from the en¬ 
coding clement it controls. In other re¬ 
spects, though, enhancers seem to be 
quite similar to promoters [see "DNA," 
by Gary Felsenfeld; SCIENTIFIC AMERI¬ 
CAN, October 1985]. For example, en¬ 
hancers, like promoters, increase the 
rate of transcription. Indeed, they work 
in concert with promoters. Both ele¬ 
ments can consist of several hundred 
base pairs, which are grouped into mo- 
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tifs: distinctive sequences of six to 10 
base pairs* A typical enhancer or pro¬ 
moter might include five to 10 motifs, 
some of which repeat . 

1 should note that other regulatory 
elements known as silencers, which re¬ 
press gene expression, have also been 
discovered. Elegant work by Alexander 
D. Johnson of the University of Califor¬ 
nia ai San Francisco has shown that si¬ 
lencers, like enhancers, can function at 
great distances from the encoding ele¬ 
ment of a gene and consist of a patch¬ 
work of DNA motifs. They are also prob¬ 
ably controlled in much the same way 
as enhancers. Although silencers are im¬ 
portant to gene regulation, 1 shall con¬ 


centrate in this article on the elements 
controlling the activation of genes. 

When promoters and enhancers were 
first identified, little w'as known about 
how they worked. Then, in about 1984, 
Robert Tjian and his colleagues at 
the University of California at Berke¬ 
ley made a fundamental breakthrough. 
They found that a motif repeated five 
times in the promoter of what is called 
the early gene in the mammalian 5V40 
virus could be avidly bound by the pro¬ 
tein SP1. Moreover, after SPI bound it, 
transcription of the early gene was se¬ 
lectively activated* This was the first 
demonstration outside of bacteria that 
regulatory' elements on genes could be 


controlled by proteins bound to them. 
The list of such regulatory proteins, 
which includes many in multicellular 
organisms, continues to grow. 

Tjian's discovery gave rise to a plau¬ 
sible model of gene activation. In that 
view, each motif in a promoter or en¬ 
hancer represented a binding site for a 
regulatory 7 protein* A gene would be ex¬ 
pressed significantly only if every' mo¬ 
tif in its promoter and enhancer was 
bound. Hence, expression of a partic¬ 
ular gene would be restricted to ceils 
capable of synthesizing the complete 
array of regulatory proteins needed to 
recognize every motif. 

The prediction that individual motifs 



ZIPPERING of two proteins (left pan of image) by interaction 
of their leucine amino acids (yellow spheres) can bdp certain 
proteins to grip DNA (white) and thus to activate or silence 
genes. The yellow spheres touching the DNA (right) repre¬ 


sent not leucine but positively charged amino acids that may 
strengthen the proteins’ grip. The green cluster is the ami¬ 
no acid asparagine; it may help the DNA-bmding segments, 
which track in the wide major groove, to wrap around DNA. 
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TYPICAL GENE includes a protein-encoding region and two elements, called the pro¬ 
moter and enhancer, that regulate gene transcription: the copying of the encoding 
region into messenger RNA for translation into a specified protein. Promoters and 
enhancers consist of several motifs, groupings of nucleotides (the building blocks 
of DNA) that constitute docking sites for proteins. The nucleotides themselves 
are distinguished by chemicals called bases—adenine (A), cytosine (C), guanine (G) 
or thymine (T). Zippered proteins often bind to dyad-symmetric motifs, which con 
tain two identical halves; each protein in a pair binds to one of the two halves. 


are binding sites for regulatory pro- 
leins turned out to be correct, as did 
the notion that every motif has to be 
occupied if a gene is to be regulated 
appropriately. Yet, in a surprising turn 
of events, my colleagues and 1 noticed 
that although only hepatocytes synthe¬ 
size albumin, cells taken from the brain 
and spleen also contained proteins that 
could recognize the known regulatory 
elements of the albumin gene. 

This and similar observations by oth¬ 
ers suggested that the steps involved 
in switching on a gene were more com¬ 
plex than originally envisioned. Protein 
recognition of every 7 regulatory 7 motif in 
a gene apparently was not adequate 
in itself. To gain a fuller understand¬ 
ing of how ? promoters and enhancers 
worked, investigators would have to 
learn much more about the proteins 
that bind DNA. 

M y colleagues and I were among 
the many scientists who took 
on that task. We decided to 
concentrate on a protein that recog¬ 
nized a motif called CAT (short for 
CCAAT) found in many promoters, 
both in viral and mammalian genes. 
Once we isolated a small amount of the 
protein, we planned to raise an anti¬ 
body against it. The antibody would 
serve as a tracer, enabling us to pin¬ 
point when and where in the mamma¬ 
lian body the protein was put to work. 
By more circuitous means, the anti¬ 


body would also help us to clone the 
gene encoding The protein—that is, to 
isolate the gene and synthesize its pro¬ 
duct in quantity. That accomplished, 
we would be able to study the regulato¬ 
ry 7 protein in detail, fishing around for 
clues as to how it helps to activate oth¬ 
er genes. We would be able to deter¬ 
mine its complete amino acid sequence 
and perhaps deduce something about 
its three-dimensional structure, the me¬ 
chanics of its binding to DNA and the 
nature of its interactions with other reg¬ 
ulatory proteins. 

The plan was sound but difficult to 
carry 7 out. Indeed, my colleagues Peter 
F. Johnson, Barbara j. Graves, William 
H. Lands chulz and i spent three years 
just purifying the protein and raising an 
antibody against a small fragment of it. 

As soon as we had purified the pro¬ 
tein, we found that it had affinity not 
only for the CAT motif in promoters 
but also for a motif called the core ho¬ 
mology, common to many enhancers. 
We thus named the substance C/EBP, 
for CAT/ Enhancer-Binding Protein. 

With the help of the antibody, w ? e 
also discovered that our protein was 
not made in all tissues. It was abundant 
in the liver, lungs, small intestine and 
placental tissue as well as in fat. But it 
was virtually absent in most other tis¬ 
sues of adult mammals. Where it did 
occur, it was restricted to the special¬ 
ized cells that define the physiolog¬ 
ical properties of tissues. For example, 


C/EBP was made by hepatocytes but 
not by cells that form the secretory 
duct work of the liver. 

This last observation raised the pos¬ 
sibility that C/EBP might participate 
in selective gene expression, helping to 
switch on the genes for the specialized 
proteins (such as albumin) that make 
one cel) distinct from another. We soon 
confirmed that C/EBP did contribute to 
the production of specialized proteins 
in hepatocytes and fat cells. We had 
managed to isolate just the kind of reg¬ 
ulatory protein we would need if we 
were to learn how differential gene ex¬ 
pression is regulated in mammals. 

A s soon as we had cloned the 
/\C/EBP gene and determined its 
X. A full nucleotide sequence, thus 
revealing the identity and order of the 
protein’s 359 amino acids, we imme¬ 
diately ran the amino acid sequence 
through a computer data base to see 
whether it resembled that of any other 
known proteins. The finding of similar 
sequences in parts of other proteins 
would guide us to regions that were 
potentially important to the function of 
C/EBP. When specific stretches of ami¬ 
no acids have crucial roles, they are of¬ 
ten conserved during evolution, so that 
the same stretch reappears in function¬ 
ally related molecules within and also 
between species. 

The computer search revealed that a 
60-amino acid segment of C/EBP was 
quite similar to segments of two other 
proteins: the products of the myc and 
fos proto-oncogenes. Proto-oncogenes 
arc genes that normally serve the body 
well but become cancer-causing when 
they undergo certain mutations. In 
C/ EBP, some part of the highlighted re¬ 
gion was known to participate in bind¬ 
ing DNA. The normal activities of the 
Myc and Fos proteins were not known, 
but the fact that a part of them re¬ 
sembled the C/EBP DNA-binding re¬ 
gion suggested they too might be gene 
regulatory proteins. Subsequently, oth¬ 
er workers showed that Myc and Fos 
are indeed regulators. 

We, in the meantime, set about deci¬ 
phering the architecture of the related 
regions. The three-dimensional struc¬ 
ture of a protein, which is dictated by 
its sequence of amino acids, influenc¬ 
es how r it interacts with other mole¬ 
cules, Unfortunately, there are no fool¬ 
proof rules for predicting a protein’s 
architecture from its linear amino acid 
sequence, and so we had to resort to 
a certain amount of guesswork [see 
“The Protein Folding Problem/ by Fred¬ 
eric M. Richards; Scientific American, 
January 1. 
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We knew that parts of many pro¬ 
teins fold into an alpha helix, a kind of 
coil. We therefore began by considering 
whether the segments relating C/EBP, 
Fos and Myc might adopt that struc¬ 
ture. If the regions contained the amino 
adds proline or glycine, an alpha helix 
would be unlikely, because those two 
amino acids are rarely found in the 
helices. In fact, there were no prolines 
or glycines. 

Amino acids with different chemi¬ 
cal properties are often segregated on 
the surface of alpha helices, a feature 
known as amphipathy. For example, 
a helix might have hydrophobic (water- 
hating) amino acids on one Face and 
hydrophilic (water-loving) versions on 
the opposite face. Evidence of such am¬ 
phipathy would support our proposal 
of helidty, and so Landschulz examined 
a 35-amino acid segment of C/EBP to 
see if it would be amphipathic when ar¬ 
ranged as an alpha helix. Sure enough, 
the hydrophobic and hydrophilic amino 
acids were segregated. 

Because hydrophobic amino acids are 
attracted to other water-hating sub¬ 
stances, it seemed possible that the hy¬ 
drophobic face might interact with hy¬ 
drophobic regions on other proteins, 
whereas the hydrophilic face would "be 
content” to interact with water, the ma¬ 
jor constituent of cells. Ultimately w’e 
confirmed that the hydrophobic face 
does interact with other proteins, but 
in an unusual way. 

1 remember scanning a penciled 
sketch of the putative C/EBP helix that 
Landschulz had completed just before 
the Christmas holiday of 1987. I was 
surprised to see that the amino acid 
leucine, which is extremely hydropho¬ 
bic and protrudes relatively far from 
the backbone of the helix, occupied ev¬ 
ery seventh position. This “heptad re¬ 
peat” caused the leudnes to be aligned 
in a plane along the length of the helix, 
so that they essentially formed a con¬ 
tinuous ridge. 

T he orderly arrangement of the leu¬ 
cines intimated that they served 
some useful purpose; perhaps 
they participated in the hydrophobic in¬ 
teractions we had posited. Landschulz 
and 1 then inspected the Myc and Fos 
proteins to see if they too displayed the 
same pattern, which would bolster the 
possibility that the heptad repeats were 
important. To our delight, we saw that 
the C/EBP-related regions of Myc and 
Fos not only were amphipathic w ? hen 
fit into an alpha helix, they also sport¬ 
ed the same heptad repeat of leucines 
seen in C/EBP. 

We now know that the leucine re¬ 


peats in gene regulatory proteins en¬ 
able such proteins to join at their zip¬ 
per regions, forming two-part units 
called dimers. That understanding took 
time to gel, however, and depended on 
certain other discoveries. 

First, in an observation that was to 
influence our thinking critically, we no¬ 
ticed that the motifs bound by C/EBP 
are dyad symmetric, a feature common 
to many promoters and enhancers. 
Such motifs consist of two identical 
halves [see illustration on opposite 
page]. Mark Ptashne and his colleagues 
at Harvard University had already dem¬ 
onstrated in bacteria that such motifs 
are bound by dimers and that each di¬ 
mer subunit interacts with one of the 
dyad halves [see W A Genetic Switch in 
a Bacterial Virus, ,T by Mark Ptashne, 
Alexander D. Johnson and Carl O. Pabo; 
SciENTinc American, November 1982]. 
Their work suggested to us that C/EBP 
might combine with itself to form a di¬ 
mer before binding to DNA. 

Second, we learned of two addition¬ 
al proteins that were related to C/EBP. 
One of them, called GCN4, was a gene 
regulatory protein from yeast. In what 
was becoming a recurring theme, Kev¬ 
in Struhl and his colleagues at Harvard 
had determined that the DNA motif 
bound by GCN4 was dyad symmetric 
and that GCN4 hooks onto the DNA as 
a dimer. 

The other protein, which was identi¬ 
fied by Peter K. Vogt and his co-work- 
ers at the University of Southern Cal¬ 
ifornia, was the product of a proto-on- 
cogene known as jun . Provocatively, 
Tom Curran of the Roche Institute of 
Molecular Biology had shown that the 
Jun protein could combine with the Fos 
protein to form a dimer. A knowledge 



of how the combination took place 
would presumably help clarify how the 
two proteins function in the cell. 

The C/EBP-related regions of both 
GCN4 and Jun contained leucine at ev¬ 
ery seventh position of an idealized al¬ 
pha helix. Putting all of these obser¬ 
vations together, Landschulz, Johnson 
and I proposed that the role of the am¬ 
phipathic alpha helix was to create a 



LEUCINE ZIPPER (above) was discovered 
when a small segment of the protein 
C/EBP was fit into a hypothetical alpha 
helix, a structure in many proteins. Sur¬ 
prisingly, the leucines, which make up 
every seventh amino add, lined up in a 
column. A computer model (left) shows 
another view of the putative helix. The 
red projections are leucines; the blue 
spheres represent other amino adds. 
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surface that would enable proteins to 
coalesce into dimers and that such di¬ 
mer formation was required for DNA 
binding. Because leucines strongly at¬ 
tract one another, we further postulat¬ 
ed that the ridge of leucines on one 
protein would interlock with a similar 
ridge on another protein, essentially 
zippering the two proteins together. 

Many findings now support these pro¬ 
posals. Notably, mutations that would 
disrupt the creation of an alpha helix in 
the zipper section prevent zippering. 


ANTIPARALLEL ZIPPERING 


Dimer formation is also blocked by mu¬ 
tations that exchange leucines with ami¬ 
no acids that generate weaker hydro- 
phobic attractions. Importantly, all mu¬ 
tations that impair dimerization also 
block DNA binding. 

Initially we also suspected that the 
zipper regions might adopt an antipar¬ 
allel orientation when they joined, so 
that the leucines would interlock like 
the teeth of a true zipper. Since then, 
however, Peter S. Kim and Erin K. 
O'Shea of the Whitehead Institute for 


PARALLEL ZIPPERING 


Biomedical Research at the Massachu¬ 
setts Institute of Technology, applying 
a variety of investigative techniques to 
the GCN4 molecule, have established 
that zipper regions associate in parallel 
when they combine. Instead of interdig- 
itating, the leucines on apposed mole¬ 
cules line up side by side [see illustra¬ 
tions on this page]. 

Kim and O'Shea further showed that 
the joined helices form a classic coiled 
coil—a well-known structure seen in 
dimers of many long fibrous proteins, 
including keratins and the lamins that 
form the nuclear envelope. The fibrous 
proteins zipper by means of regularly 
spaced hydrophobic amino acids yet 
are not dependent solely on leucine, 
the quintessential hydrophobic amino 
acid. Hence, the leucine zipper is a var¬ 
iation on a widespread theme; it proba¬ 
bly evolved to ensure the tight linkage 
of short alpha helices. 

In yet another prediction, we sug¬ 
gested that zippers could either join 
two identical proteins, forming what is 
called a homodimer, or join dissimilar 
proteins, such as Fos and Jun, to form 
a heterodimer. The idea that two differ¬ 
ent proteins could be coupled by the 
zipper was the most unconventional as¬ 
pect of our model, but various investi¬ 
gators have now proved it correct. In¬ 
cluded in the known mixed pairs are 
heterodimers formed by the combina¬ 
tion of different variants of the C/EBP 
protein. 

We recognized that such cross-mix¬ 
ing could be important to the ability of 
an organism to regulate gene expres¬ 
sion. To better understand the specific 
role of the cross-mixing, though, we 
first needed to know more about how 
zippering might aid binding. Although 
the leucine zipper can generate the di¬ 
mers needed for DNA binding, the zip¬ 
per region cannot itself bind DNA. 

E arly in our studies of C/EBP we re¬ 
alized that a region rich in basic 
(positively charged) amino acids— 
specifically, arginine and lysine-resid¬ 
ed close to the zipper. Because DNA 
is quite acidic (negatively charged) and 
because positively charged substanc¬ 
es strongly attract negatively charged 
ones, we postulated that this basic, or 
arg/lys, region might be the part of the 
protein that directly contacted DNA. If 
that was the case, perhaps the zipper- 
mg of two molecules served to bring 
their arg/lys regions into proper posi¬ 
tion for combining with dyad-symmet¬ 
ric motifs. 

Studies have now shown that the 
arg/lys region is indeed the DNA-bind- 
ing region. For instance, mutations in 
that region have been f ound to prevent 




HOW TWO PROTEINS MESH at (heir zipper regions was not initially obvious. If the 
regions were amiparaUel, the leucines would be expected to interdigitate (top left) 
like the teeth in a true zipper. If the molecules were parallel, the opposing leucines 
would instead overlap (fop right). The parallel model, which places the DNA-binding 
regions in a suitable position for contacting dyad-symmetric motifs, is now known 
to be correct. The proteins combine to form what is called a coiled coil (bottom). 
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DNA-BINDING REGION of zipper proteins was once thought 
to be a continuous alpha helix and to protrude from the DNA 
(top left). A comparison of the amino acid sequences of 11 
proteins (bottom) showed that certain amino acids in the pro¬ 
trusion were conserved from molecule to molecule (yellow 


highlighting), suggesting that they aid binding and touch the 
DNA* Moreover, asparagine (green), a potential helix break¬ 
er, was found to lie at a fixed point in the DNA-binding region 
of every protein. It, then, might allow the protruding section 
to bend and thus contact the DNA continuously (top right). 


dimers from combining with DNA effi¬ 
ciently. Research into the structure of 
the binding region has also support¬ 
ed the notion that zippering orients the 
arg/lys regions appropriately for con¬ 
tact with DNA* 

Much of our knowledge of how zip- 
pered proteins bind DNA came from 
an extensive comparison of 11 gene 
regulatory proteins that each contained 
neighboring zipper and arg/lys regions* 
The selection included proteins from 
plants, fungi and mammals—organ¬ 
isms that in some cases (notably plants 


and mammals) diverged more than a 
billion years ago. 

The comparison initially suggested 
that all the proteins were designed so 
that when they were assembled into a 
dimer, the resulting unit would adopt 
the shape of a Y. The zippered region 
would form the stem, of course, and 
the arg/lys regions would form the 
DNA-binding arms. 

We further suspected that the helix of 
the zipper region would extend straight 
through the DNA-binding region. We 
thought so in part because the arg/lys 


segments of all 11 proteins were free 
of the helix-disrupting amino acids gly¬ 
cine and proline. Moreover, we saw that 
in every one of the proteins, the zipper 
and DNA-binding region were separat¬ 
ed by exactly six amino acids. If that 
connector segment was helical, it would 
serve to ensure that any conserved ami¬ 
no add in the arg/lys area of the he¬ 
lix would lie on the same face in every 
molecule—presumably on the face in¬ 
volved in DNA binding* 

We antidpated as well that each heli¬ 
cal arm of the Y would combine with 
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one half of a dyad-symmetric recogni¬ 
tion site on DNA. The DNA helix it¬ 
self is grooved, much as a screw has 
grooves. The major groove is wide, and 
the minor groove is narrow. We 
expected that one arm of the Y would 
lit into the major groove on the near 
face of the DNA, touching one half of 
the motif, and the other arm would fit 
into the major groove of the far face, 
touching the other half of the motif. 

To evaluate the validity of this con¬ 
ceptual model, Charles R. Vinson, a 
postdoctoral student in my laborato¬ 
ry, built a ball-and-stick model pairing 
two identical molecules of C/EBP. The 
molecules zippered nicely and could be 
made to adopt the Y shape. 

In Vinson's model the conserved ar¬ 
ginines and lysines fell on the inside of 
each arm of the Y. That arrangement 
fit well with our conception, because 
it placed the arginines and lysines in 


a suitable position for forming ionic 
bonds with the negatively charged sug¬ 
ar and phosphate backbone of the 
DNA. Such bonding would help keep 
the protein firmly in place on the DNA. 

A second finding was less supportive 
of our initial thinking. We saw that the 
arg/lys region, if displayed as a contin¬ 
uous helix, would be too long to allow 
uninterrupted contact with DNA. The 
top of each arm of the Y would pro¬ 
trude from the DNA instead of folding 
around it. Such an arrangement seemed 
unlikely considering that the arginines 
and lysines in the protruding segment 
are highly conserved and therefore al¬ 
most certainly involved in binding DNA. 
Moreover, we found that substitution 
of those amino acids with others pre¬ 
vented binding. 

Thus, we were forced to acknowledge 
that if the arg/lys region was in fact he¬ 
lical, the helix would have 10 be broken 


at some point, enabling it to bend. Puz¬ 
zled, we rdnspected our 11 proteins. 
Although the arg/lys regions lacked 
the classical helix breakers glycine and 
proline, they all contained the amino 
acid asparagine in the same spot. Like 
proline and glycine, asparagine can in¬ 
terrupt helices. 

W ith the help of Paul B. Sigler 
and his colleagues at Yale Uni¬ 
versity, we refined our molecu¬ 
lar modeling to include a break in the 
helix at the invariant asparagine. The 
new model enabled the full length of 
the arg/lys regions, including the for¬ 
merly protruding parts, to track contin¬ 
uously in the major groove of the DNA 
molecule. The binding of DNA by those 
regions of a protein dimer is analogous 
to the scissors grip applied by wres¬ 
tlers as they lock their legs around the 
torso of opponents. 


HETERODIMERS INCREASE NUMBER OF USABLE MOTIFS 


HETERODIMERS INCREASE VARIETY OF PROTEIN COMBINATIONS 




HETERODIMERS, zippered pairs of nonidentical proteins, 
offer two possible benefits to an organism. If homodimers, 
pairs of identical proteins, recognize only dyad-symmetric 
(twinlike) motifs (a and b at left), the existence of hetero¬ 
dimers able 10 recognize asymmetric (mismatched) motifs (c) 
would increase the number of motifs that can be enlisted for 


gene regulation. Alternatively, the benefit could Lie elsewhere 
(riijhr). Protein-binding “activation domains” in a homodimer 
always combine with identical proteins (a and b), whereas 
the domains of heterodimers bind dissimilar proteins (c). 
The heterodimers may thus increase the number of ordered 
protein complexes that can be used to turn genes on or off- 
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Having established that many pro¬ 
teins zipper to form dimers, my collab¬ 
orators and I began to speculate on 
why evolution might have built the zip¬ 
per feature into many gene regulators. 
In our view, the chief value of this fea¬ 
ture may well lie with the creation of 
heterodimers by the cross-mixing of 
nonidentical proteins. 

To explain the logic of this view, I 
must update the model of gene regula¬ 
tion discussed earlier. Recall that if a 
gene is to be activated, every DNA mo¬ 
tif in its promoter and enhancer has to 
be bound by a regulatory protein. Yet 
it seems that such attachment alone is 
not sufficient. Apparently, DNA-bind- 
mg proteins must also “fit” comfort¬ 
ably with proteins that bind to neigh¬ 
boring motifs. 

Although several different proteins 
seem capable of recognizing and at¬ 
taching to a particular motif, so that 
several different combinations of mole¬ 
cules can in theory cover a particular 
enhancer or promoter, many research¬ 
ers now suspect that only one of the 
possible permutations will in fact acti¬ 
vate the promoter or enhancer of a giv¬ 
en gene. 

In other words, only one combina¬ 
tion of regulatory proteins will mesh 
into a “key” having the correct three-di¬ 
mensional shape to regulate transcrip¬ 
tion, Cells that lack even one piece of 
the key* which I sometimes liken to a 
jigsaw puzzle, will fail to activate the 
corresponding gene. Hence, a gene will 
remain silent if a cell is missing, say, 
just one subunit of a crucial dimer or 
a protein that interacts appropriately 
with that subunit. 

According to this thinking, the series 
of motifs in an enhancer or promoter 
form the template to the puzzle. The 
actual pieces of the puzzle are the gene 
regulatory proteins themselves. Exact¬ 
ly how such jigsaw puzzles assembled 
on DNA enable transcription to occur 
is not dear but is the focus of intense 
study [see “How Gene Activators 
Work,” by Mark Ptashne; Scientific 
American, January 1989], 

W ithin this conceptual frame¬ 
work , I can think of two bene¬ 
fits that heterodimeric regula¬ 
tory proteins might offer an organism. 
In one scenario the benefit would de¬ 
rive from the ability of the arg/lys re¬ 
gions in a heterodimeric protein pair 
to recognize two different nucleotide 
sequences within a single DNA motif. 
That ability would expand an organ¬ 
ism’s repertoire of usable regulatory 
motifs, because the presence of the het¬ 
erodimers would enable cells to exploit 
asymmetric dyad motifs, which in con¬ 


trast to dyad-symmetric motifs have 
nonidentical halves [see left side of illus¬ 
tration on opposite page]. 

The increase in the repertoire would 
arise, however, only if homodimers 
were actually restricted to recognizing 
dyad-symmetric motifs. As it turns out, 
my co-workers and I have found pre¬ 
liminary evidence that homodimers and 
heterodimers bind asymmetric motifs 
equally well. Our methods for studying 
DNA binding may not be subtle enough 
to mimic conditions within the living 
cell. Nevertheless, if our initial results 
are confirmed, they would indicate that 
the special value of faeterodimers lies 
elsewhere. 

Alternatively, heterodimers might 
serve to increase the number of differ¬ 
ent jigsaw puzzles that can be formed 
by a limited set of regulatory proteins. 
For this notion to make sense, it is nec¬ 
essary to discuss yet another function¬ 
al domain that has been found in gene 
regulatory proteins. 

As Ptashne and his colleague Ann 
Hochschild first recognized, gene acti¬ 
vation by proteins bound to DNA may 
be achieved by parts of regulatory pro¬ 
teins that are quite distinct from the 
parts responsible for binding DNA. In 
studies of the cl protein encoded by 
the bacteriophage lambda (a virus that 
infects bacteria), the Harvard workers 
showed that a region critical for gene 
activation was totally dispensable for 
DNA binding. They predict that this cl 
activation domain interacts in some 
way with the RNA polymerase that car¬ 
ries out transcription. 

Leucine zipper proteins, including 
C/EBP, Fos, jun and GCN4, also have 
functional domains that are distinct 
from their zipper and DNA-binding seg¬ 
ments. By analogy, they too can be 
called activation domains. The biochem¬ 
ical role played by these regions is not 
fully understood, but they may well 
serve as docking sites for other pro¬ 
teins. Even within families of cross-di¬ 
merizing proteins, these domains will 
differ. Hence, two varieties of C/EBP 
that can zipper together will each have 
a distinct activation domain, as will Eos 
and Jun, which, it will be recalled, com¬ 
bine with each other. 

Heterodimers of leucine zipper pro¬ 
teins, then, could expand the number 
of distinguishable jigsaw puzzles avail¬ 
able to an organism because the acti¬ 
vation domains of the dimer subunits 
would each bind to a different protein. 
In contrast, if only homodimers exist¬ 
ed, the proteins contacted by a DNA- 
bound dimer would always have to be 
identical [see right side of illustration on 
opposite page]. 

The potential importance of hetero¬ 


dimers Is underscored by the finding 
that cross-mixing probably occurs in 
many classes of gene regulatory pro¬ 
teins, not only in those with leucine 
zippers. Indeed, Harold Weintraub of 
the Fred Hutchinson Cancer Research 
Center in Seattle and David Baltimore, 
now at the Rockefeller University, have 
identified cross-mixing (by a means 
other than the leucine zipper) in an en¬ 
tirely different class of gene regulators, 
known as helix-loop-helix (HLH) pro¬ 
teins. Weintraub and his colleague An¬ 
drew B. Lasser have shown that one 
such protein, called MyoD, is central to 
the specialization of muscle cells. 

A lthough 1 have concentrated on 
Z\ leucine zipper proteins in this 
Xi article, I must emphasize that 
many different classes of gene regula¬ 
tory proteins participate in gene activa¬ 
tion and the specialization of cells. For 
example, James E, Darnell, Jr., and his 
colleagues at Rockefeller have found 
that a number of regulatory proteins 
from different classes give rise to the 
specialized activities of differentiated 
hepatocytes. 

Those of us interested in better un¬ 
derstanding cell specialization must 
now determine how the many different 
regulatory proteins in cells fit together 
on their DNA templates and communi¬ 
cate with one another. The discovery of 
the leucine zipper has solved part of 
the problem. No one knows when the 
full answer will emerge, but the prob¬ 
lem finally begins to seem conquerable. 
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Collisionless Shock Waves 

To many theorists’ surprise, shock waves form even in the rarefied 
material between the planets. These shocks sculpt the space environment 
and lie at the heart of a variety of astrophysical phenomena 


by Roald Z. Sagdeev and Charles F. Kennel 


S hock waves resonate through the 
solar system, much like the rever¬ 
berating boom from a superson¬ 
ic jet. In the latter case, the disturbance 
is caused by an aerodynamic shock, an 
abrupt change in gas properties that 
propagates faster than the speed of 
sound. It had long been recognized that 
in a neutral gas, such as the earth's 
atmosphere, particles must collide if 
shocks are to form. Beginning in the 
1950s, we and our colleagues theorized 
that, contrary 7 to the expectations of 
many scientists, similar shock waves 
could form even in the near vacuum of 
outer space, where particle collisions 
are extremely rare. If so, shocks could 
play a significant role in shaping space 
environments. 

“Collisionless" shocks cannot occur 
naturally on the earth, because nearly 
all matter here consists of electrically 
neutral atoms and molecules. In space, 
however, high temperatures and ultra¬ 
violet radiation from hot stars decom¬ 
pose atoms into their constituent nu¬ 
clei and electrons, producing a soup of 
electrically charged particles known as 
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a plasma. Plasma physicists proposed 
that the collective electrical and mag¬ 
netic properties of plasmas could pro¬ 
duce interactions that take the place of 
collisions and permit shocks to form. 

In 1964 the theoretical work found 
its first experimental confirmation. Nor¬ 
man F. Ness and his colleagues ai the 
Goddard Space Flight Center, using data 
collected from the IMP-1 spacecraft, 
detected dear signs that a collision¬ 
less shock exists where the solar wind 
encounters the earth's magnetic field. 
(Solar wind is the continuous flow of 
charged particles outward from the 
sun.) More recent research has demon¬ 
strated that collisionless shocks appear 
in a dazzling array of astronomical set¬ 
tings. For example, shocks have been 
found in the solar wind upstream (sun¬ 
ward) of all the planets and comets 
that have been visited by spacecraft. Vi¬ 
olent flares on the sun generate shocks 
that propagate to the far reaches of the 
solar system; tremendous galactic out¬ 
bursts create disruptions in the inter- 
galactic medium that are trillions of 
times larger. In addition, many astro¬ 
physicists think that shocks from su¬ 
pernova explosions in our galaxy accel- 
erate cosmic rays, a class of extraor¬ 
dinarily energetic elementary particles 
and atomic nuclei that rain down on 
the earth from all directions. 

T he study of plasmas began in the 
19 th century, when Michael Fara¬ 
day investigated electrical dis¬ 
charges through gases. Modern plasma 
research dates from 1957 and 1958. 
During those years, Soviet Sputnik and 
American Explorer spacecrafts discov¬ 
ered that space near the earth is filled 
with plasma. At the same time, till then 
secret research on controlled thermo¬ 
nuclear fusion conducted by the U.S., 
Soviet Union and Europe was revealed 
at the Atoms for Peace Conference 
in Geneva, greatly increasing the freely 
available information on plasmas. 

Fusion research focuses on produc¬ 
ing extremely hot plasmas and con¬ 


fining them in magnetic “bottles,” to 
create the conditions necessary for en¬ 
ergy-producing nuclear reactions to 
occur. In 1957, while searching for a 
method to heat fusion plasmas, one of 
us (Sagdeev) realized that an instan¬ 
taneous magnetic compression could 
propagate through a collisionless plas¬ 
ma, much as a shock moves through 
an ordinary fluid. 

Magnetic fields that thread through 
plasmas make them behave somewhat 
like such a fluid. A magnetic field ex¬ 
erts a force (the Lorentz force) on a 
moving electrically charged particle. 
The held can be thought of as a series 
of magnetic lines through the plasma, 
like the field lines around a bar magnet 
that can be made visible with iron fil¬ 
ings. The Lorentz force always acts per¬ 
pendicular both to the direction of the 
magnetic field line and to the direction 
in which a particle is moving. If the 
particle moves perpendicular to the 
field, the force acts like a rubber band, 
pulling the panicle back and constrain¬ 
ing it to move in small circles about the 
magnetic field line. The particle can, 
however, move freely in the direction 
of the magnetic field line. The combi¬ 
nation of the free motion along and 
constrained, circular rotation across the 
magnetic field shapes the particle's tra¬ 
jectory into a helix that winds around a 
magnetic field line. 

The Lorentz force makes it difficult 
to disperse the plasma in the direction 


COLUSIONLESS SHOCK forms as the so 
lar wind, a stream of charged particles 
flowing from the sun, hits the earth's 
magnetic field. The associated phenom¬ 
ena depend on the direction of the up¬ 
stream interplanetary magnetic field. 
Energetic electrons (yellow) and ions 
(red) escape upstream in the quasipar- 
alle! zone (top regions). The escaping 
particles create microscopic waves in 
the solar wind and torsional magnetic 
disturbances, known as Alfven waves 
(wavy lines). The shock is thin where it 
is quasiperpendicular (bottom regions ). 
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perpendicular to the magnetic field. 
The maximum distance over which 
particles can move away from the field, 
called the Larmor radius, is inversely 
proportional to the field strength. In 
the weak interplanetary magnetic field, 
the Larmor radius amounts to sever¬ 


al kilometers for electrons and several 
hundred kilometers for more massive 
ions. These distances may seem large, 
but they are tmy compared with the 
size of the region where the solar wind 
encounters the earth's magnetic held. 
The shock that forms there, called a 


bow shock, has the same parabolic 
shape as the waves that pile up ahead 
of a speedboat. It stretches more than 
100,000 kilometers across. When the 
scale is larger than the Larmor radius 
for ions, the collective motion of plas¬ 
ma particles across the magnetic held 






How Collisionless Shocks Form 


a 



STEEPENING WAVE MOLECULAR VISCOSITY OVERTURNING WAVE 



Waves steepen because the higher-amplitude part of a wave moves faster. As 
time passes, a wave (a) grows steeper and more abrupt. In a sound wave, 
collisions between individual air molecules (molecular viscosity) transfer mo¬ 
mentum forward (b) and prevent the wave from overtaking the slow-moving 
material that lies upstream. In strong collisionless shocks, this process can lead 
to overturning of the wave (c)< 
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Wave dispersion dictates that a wave’s velocity depends on its wavelength. This 
effect becomes significant for collisionless shocks in plasmas (gases of elec¬ 
trons and bare nuclei). The figure shows that wave speed can increase (positive 
dispersion) or decrease (negative dispersion) with increasing wavelength. 
Dispersion tends to smudge a sharply defined wave into a long series of its 
component harmonic waves. 



Solitary waves, or solitons, form through the competing actions of steepening 
and dispersion. Depending on the sign of the dispersion, solitons can be regions 
of compression (a) or pulses of rarefaction (b). An ordered sequence of soli- 
tons, known as a wave train, defines the thickness of a shock front. The length 
of the wave train depends on the damping mechanism that causes solitons to 
lose energy and ultimately to dissipate into heat. 


actually drags the field lines along with 
it. The magnetic field thus becomes 
“frozen” into the plasma. 

In short, a magnetic field endows col¬ 
lisionless plasmas with elastic proper¬ 
ties analogous to those of a dense gas, 
and so a plasma wave crossing a mag¬ 
netic field behaves somewhat like an 
ordinary sound wave. The theoretical 
analysis of collisionless shocks there¬ 
fore started by following the ideas de¬ 
veloped from earlier research on aero¬ 
dynamic shocks. 

Suppose, for example, a sudden com¬ 
pression creates a sound wave in air. 
As the wave travels, its shape—that is, 
its profile of pressure and density- 
changes. Because the most compressed 
regions of the wave move the fastest, 
the wave grows stronger and its leading 
edge becomes sharper. The great Ger¬ 
man mathematician Bernhard Riemann 
showed how this phenomenon, called 
wave steepening, creates shock waves. 

Ultimately the faster-moving denser 
air behind catches up with the slower 
air ahead. At this point, the sound wave 
behaves somewhat like an ocean wave 
heading toward shore. A water wave 
steepens, overturns and then crashes 
into foam. A sound wave reaches an 
analogous but different climax. As the 
wave grows so steep that it is about to 
overturn, individual gas molecules be¬ 
come important in transporting mo¬ 
mentum between neighboring points in 
the gas; molecules from the faster, 
denser region of the wave rush ahead 
of the steepening wave front, colliding 
with molecules in the slower region 
ahead of the wave and exchanging mo¬ 
mentum with them. In this way, the 
slower molecules are brought up to the 
speed of the moving wave. 

This exchange of momentum is 
caused by molecular viscosity, hi this 
process, momentum is passed from 
the overtaking wave crest and impart¬ 
ed to the undisturbed region ahead of 
it, much as in a relay race a baton is 
passed from one runner to the next. 
Molecular viscosity becomes highly effi¬ 
cient when the thickness of the wave 
from shrinks to the average distance 
that a particle can travel before it col¬ 
lides with another, a distance known 
as the collision mean free path. (The 
mean free path of a molecule in air is 
about one ten-thousandth of a centime¬ 
ter long.) At this thickness, steepening 
and viscosity balance each other, and 
a steady shock wave forms. The result¬ 
ing shock represents an almost step¬ 
like change in gas velocity, density and 
pressure. 

Before physicists knew of a mecha¬ 
nism that could replace molecular vis¬ 
cosity in plasmas, it made little sense 
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for them to talk of collisionless shocks. 
Consequently, the topic lay fairly dor¬ 
mant for many years. Then, in the late 
1950s, one of us (Sagdeev) and, inde¬ 
pendently, Arthur R. Kantrowitz and 
Harry E. Petschek, then at the Avco-Ev- 
erett Research Laboratory near Boston, 
suggested that a similar sort of momen¬ 
tum relay race could take place in a 
tenuous plasma. They theorized that in 
a plasma, waves rather than individual 
particles pass along the baton* 

The plasma relay race depends on 
the fact that the speed of a plasma 
wave changes with wavelength, an ef¬ 
fect called dispersion. Indeed, where¬ 
as in ordinary gases the speed of a 
sound wave is practically independent 
of wavelength, in collisionless plasma 
a wave is very dispersive. That is, its 
speed may either increase or decrease 
as its wavelength shortens, depending 
on the angle between the direction of 
propagation of the wave and the orien¬ 
tation of the magnetic field, 

According to Fourier's theorem, a 
fundamental theorem of mathematics, 
any wave profile consists of many 
superimposed waves, or harmonics, 
of different wavelengths. (By analogy, 
white light is composed of many dis¬ 
tinct colors, each of a different wave¬ 
length.) If the wave profile steepens, 
it excites harmonics of ever shorter 
wavelength. 

For wave propagation that is not 
exactly perpendicular to the magnetic 
field, dispersion causes shorter-wave- 
length harmonics to travel faster than 
the longer-wavelength ones (negative 
disperson), The effects of dispersion 
become significant when a steepening 
shock front becomes about as thin as 
the Lannor radius for ions. At this 
point, the shorter-wavelength harmon¬ 
ics race ahead of the front into the 
undisturbed plasma upstream. These 
harmonics carry’ along the momentum, 
like the fast molecules in a sound wave. 

The competing actions of steepening 
and dispersion yield a series of wave 
pulses that propagate in the direction 
of the shock. As a result, the front ac¬ 
quires the shape of a “wave train." The 
weakest (smallest-amplitude) waves an¬ 
nounce the arrival of the train, and suc¬ 
cessively stronger oscillations build up 
until the full shock transition arrives. 
The length of the train (in other words, 
the thickness of die shock front) de¬ 
pends on how rapidly the energy of the 
waves dissipates. 

For waves propagating exactly per¬ 
pendicular to the magnetic field, disper¬ 
sion causes the harmonic wave speed to 
decrease at shorter wavelengths. Short- 
wavelength harmonics now trail behind 
the shock front, and so they cannot af- 
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WAVE DAMPING occurs as energy is transferred from solitons to individual charged 
particles (electrons or ions) in the plasma. Particles traveling at roughly the velocity 
of the plasma wave interact strongly with the solitons. The solitons 1 electric fields 
force these resonant particles to stop and reverse course, which drains energy from 
the solitons and imparts it to the particles. The restoring magnetic force (the 
Lorentz force) curves each particle’s path, returning it again and again to the same 
soliton. Each encounter boosts the particle's energy at the expense of the soliton. 


feet steepening of the overall wave. In 
this case, the shock passes the momen¬ 
tum baton to a series of compresslonal 
pulses called solitons. 

Solitons in perpendicular shocks are 
approximately the thickness of an elec¬ 
tron’s Larrnor radius, and they are cre¬ 
ated when the wave profile steepens 
to that scale. The steepening front radi¬ 
ates an ordered sequence of solitons, 
led by the largest (highest-amplitude) 
one and trailed by successively small¬ 
er ones that ultimately blend into the 
smooth state behind the shock. The 
length of the soliton train depends on 
how fast the soliton energy is dissipat¬ 
ed into heat. 

Waves on the surface of shallow wa¬ 
ter behave very much like dispersive 
waves in coilisionless plasma. The theo¬ 
ry of shallow water waves was devel¬ 
oped in the late 19th century, culmi¬ 
nating in the classic work of Diederik 
J. Korteweg and G. DeVries that first 
described the solitons that occasional¬ 
ly propagate down Dutch canals* The 
seemingly recondite analogy' between 
shallow water solitons and plasma soli- 
tons expresses a general physical truth: 
solitons can form whenever wave steep¬ 
ening and dispersion compete. 

One implication of this fact is that 
solitons form even in shocks that do 
not propagate exactly perpendicular 
to the magnetic held. The wave pulses 
mentioned earlier can also be thought 
of as solitons, the difference being that 
these solitons are raref active (low den¬ 
sity') rather than compressive. In this 


case, short-wavelength harmonics trav¬ 
el relatively slowly (positive disperson), 
and the greater the amplitude of the 
raref active soliton, the more slowly it 
propagates. As a result, the wave train 
terminates with the strongest soliton. 
Surface tension in water creates small 
waves that have positive dispersion and 
raref active solitons. The physics of wa¬ 
ter waves therefore provides an analogy 
to both types of dispersion found in 
collisionless plasma. 

The elegant theory of solitons is 
an impressive achievement of modern 
mathematical physics* In 1967 Martin 
Krnskal and his colleagues at Princeton 
University proved that any wave profile 
in a dispersive medium that can sup¬ 
port steepening evolves into a sequence 
of solitons. By relating soliton theory 
to the problem of elementary particle 
collisions, which has been studied in 
depth in quantum physics since the 
1920s, they showed that solitons pre¬ 
serve their identities when they collide, 
just as particles do* 

T he understanding of dispersive 
shocks remains incomplete with¬ 
out a knowledge of how to dissi¬ 
pate the energy of waves or solitons 
into heat. If not for the effect of dis¬ 
sipation, the train of wave structures 
making up the shock front would be 
infinitely long. In effect, the fundamen¬ 
tal question of how coilisionless shock 
waves transport energy and momen¬ 
tum has reappeared, but in a new r guise* 
In 1945 the great Soviet physicist Lev 
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D. Landau discovered a dissipation 
mechanism that requires no collisions 
between particles. Among the randomly 
moving particles in a plasma, a few hap¬ 
pen to travel at a velocity that matches 
the velocity of the plasma wave. These 
particles are said to be in resonance 
with the wave. An intense exchange of 
energy can take place between a wave 
and the particles resonant with it. 

In the early 1970s one of us (Sagdeev) 
and Vitaly Shapiro, also at the Institute 


of Space Research in Moscow, showed 
that Landau’s mechanism damps sol¬ 
itons by accelerating resonant ions. 
Consider, for example, a train of com¬ 
pressive sohtons propagating perpen¬ 
dicular to the magnetic field. Each sol- 
iton generates an electric field parallel 
to its direction of motion. Ions travel¬ 
ing close to the resonant velocity move 
slowly compared with the solitons, and 
the soliton electric field is able to stop 
and reverse the motion of these ions. 
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MAGNETIC OSCILLATIONS (fop) were recorded by Voyager 1 as it crossed the col- 
Ustonless shock in the solar wind ahead of Jupiter. Upstream is to the left. Mag¬ 
netic disturbances preceding the shock front were caused by ions reflected back 
into the solar wind. Measurements of microscopic plasma waves (jboffom) showed 
that the reflected ions created low-frequency ion acoustic waves. Electrons heated 
by ion waves escaped upstream, generating higher-frequency electron oscillations. 
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COMPUTER SIMULATION clarifies the behavior of ions at the Jovian shock (fop). 
Each dot represents a particle having a certain position and velocity at one instant 
in a steepening, breaking and overturning shock. Streams of “solar wind" ions (to 
the left) reflect off the shock front while those farther downstream (right) move 
chaotically. The large peak and subsequent oscillations of the magnetic field seen 
in the simulation ( bottom) resemble those of the real shock. Dennis Papadopoulos 
and Peter Cargill of the University of Maryland at College Park ran the simulation. 


The soliton loses part of its energy to 
the ions resonant with it during the 
interaction. 

The process does not end here, 
because the magnetic Lorentz force 
curves the path of the reflected ion so 
that it returns again and again to the 
same soliton. Each encounter adds to 
the energy of the particle. The Lorentz 
force, which grows stronger as the 
particle velocity increases, eventually 
throws the ion over the top of the first 
soliton. The acceleration continues as 
the ion encounters the remaining sol¬ 
itons in the wave train. The resonant 
ions gain energy much as surfers gain 
speed by riding ocean waves. This anal¬ 
ogy inspired John M. Dawson of the 
University of California at Los Angeles 
to design a new kind of charged par¬ 
ticle accelerator, which he dubbed the 
surfatron. 

The heating of ions by solitons can 
form a shock if the number of ions 
in resonance is greal enough. Such is 
the case if the ions are hot. If not, the 
solitons find another way to dissipate 
energy: they themselves generate mi¬ 
croscopic plasma waves that heat the 
plasma. Plasma electrons flow over 
ions, thereby creating the electric cur¬ 
rent responsible for the characteristic 
soliton magnetic field profile. If the 
ions are cold, the electrons can easily 
move at supersonic velocities relative 
to the ions, in which case the electrons 
amplify extremely small scale electric 
field oscillations called ion acoustic 
waves. These waves, which do not af¬ 
fect the magnetic field, grow in an ava¬ 
lanchelike fashion. The plasma parti¬ 
cles collide not with one another but 
with these ion acoustic waves. After 
the waves develop, the plasma enters a 
micro turbulent state. 

I n 1968 Robert W. Fredericks and 
his colleagues at TRW in Los An¬ 
geles were the first to detect ion 
acoustic waves in shocks. They made 
this discovery using instruments on 
the QGO-5 spacecraft that were de¬ 
signed specifically to study plasma 
waves in space. Since then, plasma- 
wave detectors have been included on 
most space missions concerned with 
solar system plasmas, notably the In¬ 
ternational Sun-Earth Explorers ( ISEE1, 
2 and 3) in earth orbit and the Voyager 
1 and 2 missions to the outer planets. 
The late Fred Scarf of TRW and his col¬ 
laborators often played back the micro- 
turbulent-wave electric fields record¬ 
ed by the ISEE and Voyager spacecraft 
through an ordinary loudspeaker. To 
most listeners, shocks would sound 
cacophonous; to our ears, however, 
they were a symphony of space. 
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Although easy to record, micro tur¬ 
bulence has proved difficult to under¬ 
stand completely. Theorists turned to 
numerical computations to help eluci¬ 
date the behavior of a strongly micro- 
turbulent plasma. By solving millions 
of equations of motion for the parti¬ 
cles* computer simulation shows how 
ion acoustic waves grow and heat the 
plasma. Today's supercomputers are 
just beginning to give scientists com¬ 
prehensive understanding of many dif¬ 
ferent kinds of microturbulence. 

Even without knowing the detailed 
nature of micro turbulent plasma, phys¬ 
icists can deduce its general behav¬ 
ior, Electrons in the plasma transfer 
their momentum to ion acoustic w r aves, 
which in turn transfer it to ions. This 
process retards the motion of the elec¬ 
trons in the plasma and so creates re¬ 
sistance to the electric current. In some 
shocks* ion acoustic-wave resistance 
grows sufficiently intense to suppress 
the generation of solitons. When this 


happens, no wave train forms, and the 
shock is called resistive. 

Although both simple dispersive and 
resistive shocks have been found in 
space, most shocks observed there have 
entirely different characteristics from 
those discussed so far. Most shocks are 
sufficiently powerful that neither disper¬ 
sion nor resistance can prevent steep¬ 
ening from causing the waves to over¬ 
turn, Overturning then leads to a host 
of new shock phenomena. 

A consideration of shallow water 
waves, once more* helps to iUus- 
L trate the process of overturning. 
When a shallow ocean wave grows suf¬ 
ficiently high, the tip of its wave crest 
swings forward through an arc and ulti¬ 
mately collapses under gravity. The wa¬ 
ter stream from behind the crest col¬ 
lides with that ahead* giving rise to the 
foam on whitecaps. Thus, a large wave 
crashing toward shore repeatedly over¬ 
turns, or “breaks.” 


A plasma wave also develops over¬ 
lapping velocity streams as it over¬ 
turns. The fastest stream, w f hich comes 
from the wave crest, invades the plas¬ 
ma ahead of the shock front. The Lo- 
rentz force turns the Ions in this stream 
back into the shock. These reflected 
ions ultimately mix with those behind 
the front. If the shock is weak, its struc¬ 
ture will remain steady. If the shock 
is strong, ton reflection will tempo¬ 
rarily overwhelm steepening■ howev¬ 
er* the shock soon steepens again* and 
the cycle repeats. Recent numerical sim¬ 
ulations by Kevin B. Quest and his col¬ 
leagues at Los Alamos National Labora¬ 
tory 7 confirm the idea that very 7 strong 
shock waves consist of a repeated cy¬ 
cle of steepening, overturning and ion 
reflection. 

The interactions between reflected 
and flowing ions can also lead to mi¬ 
croturbulence. The Voyager spacecraft 
detected ion acoustic waves, this time 
generated by ions reflected by Jupiter's 
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INTERPLANETARY SHOCK begins with a solar eruption and 
travels billions of kilometers through the solar wind. Instru¬ 
ments on the ISEE 3 spacecraft measured the passage of a 
large quasiparallel interplanetary shock just before it swept 
over the earth. The features of the earth's bow shock are su¬ 


perimposed on similar ones related to the far larger interplan¬ 
etary shock (fop). Microscopic plasma waves {bottom), along 
with magnetic Alfven waves and accelerated particles, reached 
ISEE-3 several hours ahead of the interplanetary shock. This 
turbulent region was aboui one million kilometers ihick. 
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COMETARY SHOCKS result when neutral molecules and at¬ 
oms from a comet's nucleus escape into the solar wind be¬ 
fore they are ionized by ultraviolet radiation. The addition of 
heavy cometary ions slows the flow of the solar wind (be¬ 
cause of momentum conservation) and thereby produces a 



shock. Because the heavy ions generate extremely intense 
Alfven waves, cometary shocks are thicker and more turbu¬ 
lent and involve more particle acceleration than do shocks 
around planets {left}. The shock is far larger than the comet's 
nucleus and even than the huge visible cometary tail (right ), 


bow shock [see fop illustration on page 
44]. Near the earth, reflected ions gen¬ 
erate waves in the solar wind at the geo¬ 
metric mean of the frequencies of rota¬ 
tion of the ions and electrons about the 
earth’s magnetic field; this mean is 
called the lower hybrid-resonance Fre¬ 
quency. In 1985 the Soviet-Czech In¬ 
tershock spacecraft made the first de¬ 
finitive measurements of lower hybrid 
turbulence in the earth's bow shock. 
Around both planets, the ion acoustic 
waves take energy from ions and give it 
to electrons. Some heated electrons es¬ 
cape forward into the solar-wind flow, 
others back into the shock zone. 

S o far we have concentrated on 
those shocks propagating more or 
less at right angles to the magnet¬ 
ic field, those physicists call quasiper¬ 
pendicular. Plasma turbulence is even 
more important when the shock propa¬ 
gates almost parallel to the magnetic 
field. The field no longer holds back the 
fast particles that rush ahead of a 
quasiparallel shock. These particles are 
a major source of turbulent instability. 

The ability of the magnetic field to 
channel particle motion along field 
lines creates a situation analogous to 
a fire hose left spraying water on the 
ground. Bends in the hose become in¬ 
creasingly curved by the centrifugal 
force of the flowing water; eventual¬ 
ly the hose wriggles uncontrollably on 
the ground. 

The magnetic field channeling the 
overlapping plasma streams ahead of 
a quasiparallel shock experiences a 


similar instability, often called the fire¬ 
hose instability. The centrifugal force 
that bends the magnetic field tines is 
proportional to the density of energy 
in plasma motion along the magnetic 
field. Instability occurs when this ener¬ 
gy density exceeds that of the magnetic 
field. Many physicists conceived of the 
fire-hose instability independently, but 
the version invented in 1961 by Eugene 
N. Parker of the University of Chicago 
was tailored specifically to quasiparal¬ 
lel shocks. 

The plasma fire-hose instability leads 
to a random flexing of the magnetic 
field lines. This kind of magnetic tur¬ 
bulence can be regarded as a chaotic 
ensemble of "torsional" waves, that is, 
ones that twist the magnetic field lines. 
They are known as Alfven waves, after 
Hannes Alfven of the Royal Institute of 
Technology in Stockholm, who first de¬ 
scribed them. 

Alfven waves, like ion acoustic waves, 
can exchange energy' and momentum 
with ions in resonance with them. As 
far as the ions are concerned, the inter¬ 
action with Alfven w r aves mimics the 
effect of collisions. Thus, Alfven waves 
limit how r far ions escaping the shock 
can penetrate upstream and determine 
the thickness of the quasiparallel shock. 

Theory predicts that collisions be¬ 
tween ions and Alfven waves should be 
nearly elastic, that is, they should in¬ 
volve only slight changes in energy de¬ 
spite a large change in momentum (for 
example, when a rubber ball bounces 
off' a hard w r all, its momentum revers¬ 
es, but its energy remains essentially 


the same). As a result, the Alfven tur¬ 
bulence inside the shock front should 
disintegrate relatively slowly. This no¬ 
tion led us to conclude in 1967 that 
quasiparallel shocks could be much 
thicker than quasiperpendicular ones. 

The very first measurements of the 
earth's bow shock by the IMP-1 space¬ 
craft in 1964 hinted at the substan¬ 
tial differences between parallel and 
perpendicular shocks. The data re¬ 
turned by IMP-1 were somewhat puz¬ 
zling at first because sometimes the 
shock appeared thin and other times 
it appeared thick. Three years later we 
suggested that shock structure could 
depend on the orientation of the inter¬ 
planetary magnetic field, in 1971 Eu¬ 
gene W. Greenstadt of TRW and his col¬ 
leagues assembled the first evidence 
that the thickness of the earth's bow 
shock does indeed vary with the direc¬ 
tion of the solar-wind magnetic field. 
Since this field constantly changes di¬ 
rection, the regions where the bow 
shock is locally quasiperpendicular and 
where it is quasiparallel are always 
moving, even if the shock itself re¬ 
mains fairly stationary. Wherever the 
shock is quasiperpendicular, it is thin; 
where it is quasiparallel, it is thick \see 
illustration on page 41 ]. 

In the early 1970s spacecraft be¬ 
gan to detect small fluxes of energetic 
particles, ion acoustic waves and Alf¬ 
ven waves far upstream of where the 
earth's bow shock was understood to 
be. The ISEE program, which started in 
1977, established that all the upstream 
activity is actually part of the extend- 
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ed quasiparallel shock. The shock is 
so thick that it dwarfs the earth, and 
therefore earth-orbiting satellites can¬ 
not really measure its size. 

Another, larger class of shocks does 
lend itself to investigation by space¬ 
craft, however. Flares in the solar coro¬ 
na occasionally launch gigantic shock 
waves that propagate through the in¬ 
terplanetary medium to the far reaches 
of the solar system. These can be ob¬ 
served as they sweep by instrumented 
spacecraft. One of us (Kennel), along 
with colleagues in the ISEE project, 
found that the region of Alfven and ion 
acoustic turbulence upstream of quasi- 
parallel interplanetary shocks can be 
more than a million kilometers thick. 

A lfven waves play a particularly 
prominent role in the shocks 
L that form ahead of comets as 
they pass through the solar wind in the 
inner solar system. Cometary nuclei are 
far too small to cause any detectable 
physical disturbance in the flow of the 
solar wind (the nucleus of Halley’s com¬ 
et, for instance, measures only about 15 
kilometers across), and the nuclei pos¬ 
sess a negUgibte magnetic field. Because 
of these properties, comets cannot gen¬ 
erate shocks in the way that planets do. 
Nevertheless, scientists have found that 
when comets approach the sun, they 
create large collisionless shocks. 

Sunlight evaporates atoms and mole¬ 
cules from the surface of a comet’s nu¬ 
cleus. Most of the liberated gas is ion¬ 
ized by solar ultraviolet light and forms 
a plasma cloud similar to the earth’s 
ionosphere. The solar wind never pen¬ 
etrates the cometary ionosphere, and 
it is not the ionosphere that forms 
the shock wave. The key players in pro¬ 
ducing cometary shocks are the few 
neutral atoms and molecules that man¬ 
age to escape the comet's ionosphere. 
These, too, are ultimately ionized, but 
farther out, where they have entered 
the solar wind. 

The newly ionized particles respond 
to the electric and magnetic fields of 
the solar wind by joining the flow. They 
increase the mass density of the solar 
wind, which, according to the law of 
conservation of momentum, decreases 
the wind speed. Because cometary ions 
are much heavier than the protons of 
the solar wind, a number of cometary 
ions can slow the wind appreciably. 

More than 20 years ago Ludwig Bier- 
mann of the Max Planck Institute for 
Astrophysics in Munich suggested that 
such a decelerating solar-wind flow 
should produce a shock similar to a 
planetary bow shock. During its 1986 
encounter with Comet Halley, the Sovi¬ 
et spacecraft Vega-1 heard the plasma 


wave cacophony that signaled the exis¬ 
tence of a shock wave about one million 
kilometers from the nucleus, the dis¬ 
tance predicted by Biermann’s theory. 

The Soviet Vega t Japanese Suisei 
and the European Giotto spacecraft 
encountered both quasiperpendicular 
and quasiparallel shocks at Comet Hal¬ 
ley. The quasiparallel shocks were simi¬ 
lar to those at the planets. Heavy ions 
upstream of the quasiperpendicular 
cometary shocks generated intense Alf- 
ven-wave turbulence, however, some¬ 
thing that does not happen around the 
planets. 

Shocks that generate Alfven waves 
can also accelerate a small group of 
particles to high energies. The “colli¬ 
sions" of particles with Alfven waves re¬ 
turn escaping particles back to the 
shock front. Each time they recross the 
shock, the particles increase their en¬ 
ergy. This acceleration mechanism is 
based on one proposed by Enrico Fermi 
in 1954. In 1986 one of us (Kennel) and 
his ISEE collaborators found that a theo¬ 
ry 7 of Fermi acceleration developed for 
interplanetary shocks by Martin A. Lee 
of the University of New Hampshire 
successfully passed the test of observa¬ 
tions. Yet the Fermi process develops 
so slowly that the protons accelerated 
by quasiparallel interplanetary shocks 
only reach energies of a few hundred 
thousand electron volts in the one day 
it takes the shock to travel from the sun 
to the earth. In comparison, cosmic 
rays—energetic subatomic particles and 
atomic nuclei from deep space—have 
energies up to 100 trillion electron volts. 

Exploding stars—supernovas—create 
very strong shocks that speed into the 
interstellar plasma at tens of thousands 
of kilometers per second. We cannot 
put a space probe ahead of a super¬ 
nova shock, so we cannot say for sure 
whether the shock generates Alfven 
waves and accelerates interstellar ions. 
We can, however, apply to supernova 
shocks the theory' of particle accelera¬ 
tion that is being tested today using so¬ 
lar system shocks. 

Since supernova shocks last about 
a million years before dying out, parti¬ 
cles have time to reach extremely high 
energies via the Fermi process. Work¬ 
ing independently, Germogen F, Krym¬ 
skii of the Institute of Space Physics 
Research and Aeronomy in Yakutsk, 
U.S.S.R., Roger D. Blandford of the Cal¬ 
ifornia Institute of Technology and Ian 
W. Axford of the Max Planck Institute 
for Aeronomy in KatlenburgTindau, 
together with their colleagues, showed 
in 1977 that the distribution in energy 
of the particles accelerated by collision- 
less shocks is virtually identical to that 
of cosmic rays. 


The origin of cosmic rays has long 
been a puzzle. Many astrophysicists 
now believe that they are created when 
supernova shocks accelerate particles, 
although it is still not understood how 
the particles reach the highest energies 
observed. 

Collisioniess shocks probably exist 
even around remote galaxies. Dynamic 
processes in the centers of some active 
galaxies (possibly involving a massive 
black hole) create supersonic jets hun¬ 
dreds of thousands of light-years long. 
Shocks are likely to occur when the jets 
interact with the plasma surrounding 
the galaxy. Radio emissions from the 
jets indicate that electrons are acceler¬ 
ated to extremely high energies. Albert 
A. Galeev, director of the Soviet Insti¬ 
tute of Space Research, suggests that a 
theory he and his colleagues developed 
to explain how lower hybrid waves ac¬ 
celerate electrons in the earth’s bow 
shock may also clarify how electrons 
are accelerated in galactic jets. 

Contemporary collisionless shock re¬ 
search encompasses phenomena that 
vary tremendously in scale and origin. 
The concepts that we and others devel¬ 
oped 20 years ago have turned out to 
be a reasonable basis for understand¬ 
ing collisionless shocks. Spacecraft have 
found individual examples of most of 
the shock types predicted by theory. 
Still to come are refined measurements 
and numerical calculations that simu¬ 
late in detail the impressive variety of 
shocks found in nature. Tn most cases, 
the fairly simple mechanisms we have 
described here are intertwined in fasci¬ 
nating ways. Yet even now collisionless 
shock theory has enabled physicists to 
speculate with some confidence on the 
physical processes underlying some of 
the grandest and most violent phenom¬ 
ena in the universe. 
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Hepatitis B Virus 

This small, extraordinary virus causes liver diseases and 
a common form of cancer. New vaccines produced by genetic 
engineering hold the promise of eventually eradicating both 

by Pierre Tioilais and Marie-Annick Buendia 


T he liver disease called hepati¬ 
tis B is a widespread and seri¬ 
ous health problem in its own 
right, but it conceals a greater men¬ 
ace: the virus that causes hepatitis B is 
second in importance only to tobacco 
as a known human carcinogen. Hun¬ 
dreds of millions of people, most of 
them in regions with poor medical care, 
are chronically infected with the virus 
and face an elevated risk of acquiring 
liver cancer. Moreover, although many 
chronic carriers appear healthy, they 
can still transmit the hepatitis B virus 
to those with whom they have close 
contact, thereby starting the cycle of 
disease anew. 

Fortunately, the prospects for inter¬ 
rupting that cycle have brightened con¬ 
siderably during the past decade. Re¬ 
combinant DNA technology , or genetic 
engineering, has unlocked many of the 
secrets of the hepatitis B virus (HBV). 
Today researchers understand the pe¬ 
culiar life history of HBV and are prob¬ 
ably closing in on answers to how HBV 
causes cancer. Moreover, vaccines pro¬ 
duced by genetic engineering can pre¬ 
vent HBV from spreading. 

The first step in the identification of 
the hepatitis B virus was made in 1963, 
when Baruch S, Blumberg, then at the 
Institute for Cancer Research in Phila¬ 
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delphia, was studying certain proteins 
in hlood serum. In a sample from a 
patient with hemophilia, he observed 
an antibody that reacted with an anti¬ 
gen present in the blood of an Austra¬ 
lian aborigine infected with hepatitis. 
In 1968 Blumberg identified it as the 
HBV surface antigen (HBsAg), 

For the next decade, the absence of 
cell-culture systems for propagating 
HBV hampered investigators. Then in 
1978 our laboratory and others began 
to apply recombinant DNA technolo- 
gy to the problem. Today the work on 
HBV stands as the most successful ap¬ 
plication of recombinant DNA technol¬ 
ogy to medical virology , 

P eople infected with HBV are often 
unaware of it. After a two- to six- 
month incubation period, HBV in¬ 
fection can lead to acute hepatitis and 
liver damage, which cause abdominal 
pain, jaundice, elevated levels of cer¬ 
tain enzymes in the blood and other 
symptoms. At this stage, HBV infection 
can be diagnosed by detecting HBsAg 
in a patient's blood serum. More fre¬ 
quently, the disease remains perma¬ 
nently asymptomatic. 

hi very' rare cases, the HBV infection 
causes fulminant hepatitis—a rapidly 
progressive, often fatal form of the dis¬ 
ease in which massive sections of the 
liver are destroyed. The liver damage is 
not indicative of a more virulent form 
of the virus but is instead the conse¬ 
quence of a stronger immune response 
by the host: white blood cells called 
“killer” T lymphocytes attack infected 
cells bearing the viral antigens. 

Usually a patient with acute hepati¬ 
tis will recover completely. The clinical 
and biological symptoms of the infec¬ 
tion gradually disappear as more anti¬ 
bodies against the virus are produced. 
After recovery, the patient continues to 
produce low levels of those antibodies, 
which maintain immunity to HBV for 
several years. In the event of a new HBV 
attack, the antibody level rises quickly 
and neutralizes the virus. 


In some patients, however, the high 
levels of viral antigen in the blood per¬ 
sist for several years or even for a life¬ 
time, yet no antibodies against HBsAg 
ever appear. The virus survives in the 
liver, and the patient becomes a chron¬ 
ic carrier. The mechanism by which 
such a chronic state establishes itself 
is not well understood, but it seems to 
be related to a weak immune response. 
That explanation may account for why 
the infection becomes chronic in about 
80 percent of infants, whose immune 
systems are immature, but in only 5 to 
10 percent of adults. 

Chronic infections can assume sever¬ 
al different forms. Some chronic carri¬ 
ers are healthy: they experience limit¬ 
ed liver damage and have no function¬ 
al deficiencies. Others acquire chronic 
persistent hepatitis, which is general- 



HEPATITIS B VIRUSES have a double- 
walled structure consisting of an outer 
envelope and an inner shell, or capsid, 
that contains the viral DNA, Many in¬ 
complete viral particles also appear in 
the blood of infected persons, as shown 
in the micrograph (above). These parti¬ 
cles are small spheres or long filaments 
without an internal structure, and only 
two of the three characteristic viral en¬ 
velope proteins appear on their surface. 
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ly asymptomatic but sometimes caus¬ 
es fatigue* In the worst cases, chronic 
active hepatitis develops and can lead 
to cirrhosis of the liver and finally to 
hepatocellular carcinoma (HCC), a pri¬ 
mary liver cancer. Usually the cancer 
does not develop until after a 30- to 
50-year latency period, but a few cases 
of HCC have been observed in children* 
Today the link between chronic HBV 
infection and the development of HCC 
is very clear. The percentage of chronic 
carriers is higher among patients with 
HCC than among the rest of the pop¬ 
ulation. Moreover, in an epidemiologi¬ 
cal study performed in Taiwan, R. Pal¬ 
mer Beasley of the University of Texas 
at Houston has shown that for chronic 
carriers the risk of acquiring HCC is 
100 times higher than normal. Other 


studies have also found a consistent 
and specific causal association between 
HBV and HCC. HBV is therefore one of 
the few viruses known to cause a spe¬ 
cific cancer in humans. 

T he gravity of the link between 
HBV and cancer becomes clear 
when the huge numbers of in¬ 
fected persons are considered. World¬ 
wide, chronic HBV infections affect al¬ 
most 300 million people, three quar¬ 
ters of whom are in Asia. The incidence 
of the condition varies greatly among 
different regions. In southeast Asia and 
tropical Africa, chronic carriers of the 
virus represent 10 percent or more of 
the population, whereas they make up 
less than 1 percent in North America 
and most of western Europe. 


In the Third World the virus is most 
often transmitted from an infected 
mother to her infant in the baby's first 
month, primarily during birth. If an 
infant is female and infected, then she 
will probably become a chronic carri¬ 
er and transmit HBV to her own off¬ 
spring when she reaches childbearing 
age. Mother-to-child transmission is not 
the only mechanism: because the virus 
can be found in blood, saliva and se¬ 
men, any intimate or sexual contact can 
pass on the disease. That fact explains 
the easy spread of hepatitis B within a 
family or small community. 

In Western industrialized countries, 
other mechanisms of HBV transmis¬ 
sion become much more important. 
High-risk populations consist of per¬ 
sons in direct contact with chronic car- 
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Prevalence of Chronic Hepatitis B Carriers 


Chronic HBV carriers are most common in developing countries where these in¬ 
fections are endemic. About 225 million chronic carriers of HBV are in Asia alone. 


riers or with their blood samples (such 
as nurses, physicians and dentists), the 
recipients of blood or blood products 
(such as hemophiliacs and patients who 
receive transfusions or dialysis treat¬ 
ments), intravenous drug abusers, ho¬ 
mosexuals and persons with multiple 
sex partners. For the population out¬ 
side those groups, the risk of contract¬ 
ing hepatitis is low. In fact, the epide¬ 
miology of hepatitis B is very similar to 
that of acquired immunodeficiency syn¬ 
drome (AIDS)—which explains why hep¬ 
atitis B infection is common among 
patients with AIDS or the AIDS-related 
complex. Hepatitis is far more conta¬ 
gious than AIDS, however. 

Hepatitis B is therefore primarily a 
disease of infants in developing na¬ 
tions, whereas in Western countries 
it is mostly confined to adults. This 
distinction has practical ramifications 
for future vaccination strategies. In the 
Third World, mass vaccinations would 
be necessary, but in Western countries 
only the high-risk population needs to 
be protected, 

A ntiviral vaccines work by sensitiz¬ 
ing a person's immune system 
L against viral molecules. Much of 
the early work on HBV therefore con¬ 
centrated on deciphering the structure 
and life cycle of the virus to identify' 
good vaccine targets. 

All viruses are cellular parasites made 
up of an RNA or DNA chromosome (ge¬ 
nome) packed in a protein coat. To pro¬ 
liferate, a virus must penetrate the cell 
and use the cellular machinery to syn¬ 
thesize the proteins of the coat and the 
viral genome. After a genome is pack¬ 
aged inside its coat, the new viral parti¬ 


cles leave the cell and can infect neigh¬ 
boring cells. 

HBV has a double-walled structure 
consisting of two concentric protein 
coats. The envelope, or outer coat, con¬ 
tains three proteins that are designat¬ 
ed major, middle and large. HBsAg, the 
surface antigen, is found on all three of 
the proteins. The capsid, or inner coat, 
consists of a single core protein that 
surrounds and interacts with the vi¬ 
ral DNA. 

The HBV genome, which was first 
isolated in 1974 by William 5. Robinson 
of the Stanford University School of 
Medicine, is a circular DNA molecule 
composed of only about 3,200 nucleo¬ 
tide subunits. It is the smallest-known 
animal virus genome—the genome of 
the common herpesvirus, for example, 
is 50 times larger. Like the DNA mole¬ 
cules in most organisms, the genome 
of HBV consists of two base-paired 
strands, but it has an unusual feature: 
one strand is longer than the other. 
The short “plus" strand, which can vary 
in length, is only 50 to 80 percent as 
long as its mate, the “minus” strand. 
(As we shall explain later, tills unusu¬ 
al structure is a consequence of the 
unique replication mechanism used by 
the virus.) The circular structure of the 
genome is maintained by base pairing 
of the strands at one end. 

Using recombinant DNA techniques, 
in the late 1970s our research group 
succeeded in cloning, or copying, the 
HBV genome in Escherichia coU bacte¬ 
ria. This breakthrough made it possible 
to produce large quantities of the virus 
and its components for further study. 
Patrick Chamay of our laboratory, in 
collaboration with Francis Galibert of 


the St. Louis Hospital in Paris, subse¬ 
quently determined the complete nu¬ 
cleotide sequence of the HBV genome, 
thereby providing the first available in¬ 
formation about the genetic organiza¬ 
tion of the virus. 

The HBV genome is a miracle of com¬ 
pactness. It consists of only four poten¬ 
tial genes, termed S t C t P and X f which 
overlap extensively. The regulatory se¬ 
quences that control the production of 
the viral proteins and the replication 
cycle are also embedded in these cod¬ 
ing sequences. 

Gene S encodes, or carries the blue¬ 
prints for, the major envelope protein 
and includes ah the specifications for 
HbsAg. A sequence of about 500 nu¬ 
cleotides preceding the S gene can also 
be transcribed along with it. As Wol¬ 
fram H. Gerlich of the University of 
Gottingen has shown, this “upstream” 
sequence can be divided into two re¬ 
gions, pre-SJ and pr e-S2, that are in¬ 
volved in the synthesis of the other en¬ 
velope proteins: the middle protein is 
encoded by pre-S2 and the S gene, and 
the large protein is encoded by pre-Sl, 
pre-5'2 and the S gene. The pre-£l re¬ 
gion also plays an important role in the 
entry of the virus into a liver cell, as 
shown by A. Robert Neuiath of the 
New York Blood Center. 

Gene C encodes the protein of the 
capsid. Like S t the C gene is preceded 
by a short pre-C region that encodes a 
hydrophobic peptide involved with the 
assembly of the viral particle. Gene P , 
which is so long that it includes pans 
of all the other genes, encodes enzymes 
essential to the viral replicative cycle. 
Gene X covers the cohesive ends of the 
viral DNA strands. Its protein product 
stimulates the expression of all the vi¬ 
ral genes by interacting with a specific 
DNA sequence found in the the HBV 
genome. 

In the life cycle of HBV the synthe¬ 
sis of viral proteins is tightly regu¬ 
lated at the transcriptional and trans¬ 
lational level. Two types of messenger 
RNAs (mRNAs) copied from the viral 
genome are known. The smaller one, 
about 2,100 nucleotides long, encodes 
the major and the middle envelope pro¬ 
teins, The larger mRNA, which is about 
3,500 nucleotides long, is surprising: it 
is actually longer than the complete ge¬ 
nome and contains a terminal repeat of 
about 100 nucleotides. The large mRNA 
encodes the capsid protein and the 
products of gene P f as shown by Har¬ 
old E, Various of the University of Cali¬ 
fornia at San Francisco and Heinz Schal- 
ler of the University of Heidelberg. It 
also represents an intermediate in the 
replication of the viral DNA, as we shall 
soon describe. 
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Transcriptional “enhancer" elements 
in the HBV genome activate the expres¬ 
sion of all viral genes and operate pref¬ 
erentially in liver cells. Other regulato¬ 
ry elements modulate the levels of in¬ 
dividual proteins. A good illustration 
of this complex mechanism is provid¬ 
ed by the variations observed in the 
amounts of large, middle and major 
proteins of the envelope made in in¬ 
fected liver cells. The large proteins are 
produced in small quantities and are 
found only on the surface of complete, 
infectious viral particles. In contrast, 
the major proteins (and, to a lesser 
extent, the middle proteins) are made 
in great excess and secreted in small¬ 
er (22-nanometer) particles, which are 
more abundant than complete particles 
in the serum. 

O ne important question we sought 
to answer was how the various 
HRV genes are expressed. We 
have found that transgenic mice—ani¬ 
mals that have had part or all of the 
HBV genome added to their own DNA— 
are powerful tools for studying the ex¬ 
pression of the viral genes in normal 
host tissues. 

Working with transgenic mice, Chris¬ 
tine Pourcel of our laboratory has stud¬ 
ied why HBV preferentially infects cer¬ 
tain hosts and host tissues. She has 
shown that gene S is expressed at very 
high levels only in liver tissue and un¬ 
der the control of steroid hormones. 
These discoveries clarify studies of hu¬ 


man HBV carriers, which have shown 
that men (whose natural steroid hor¬ 
mone levels are higher than women's) 
run a greater risk for chronic HBV in¬ 
fection, liver damage and HCC. 

In other strains of transgenic mice, vi¬ 
ral replicative forms were observed by 
Pourcel in kidney and heart cells as well 
as in the liver. These results, too, mir¬ 
ror the affinity of HBV for different tis¬ 
sues in humans: although HBV is most 
abundant in the liver, the viral DNA and 
proteins have also been found in the 
kidney, spleen, pancreas, skin, bone 
marrow and circulating blood cells. The 
blood cells might be the first targets 
of HBV infection; viruses persisting in 
these sites might also be able to re- 
emerge and attack the new livers of 
hepatitis patients who have received 
transplants. The infection of certain 
white blood cells may be directly in¬ 
volved in some other diseases, such as 
aplastic anemia and polyarthritis nodo¬ 
sa, and in the development of AIDS 
and AIDS-related complex. 

Some understanding of HBV has 
come from studies of similar viruses, 
called hepadnaviruses, that cause hep¬ 
atitislike conditions in animals. Hepad- 
naviruses that infect the woodchuck, 
the ground squirrel, the Peking duck, 
the tree squirrel and the heron have 
been discovered in recent years. The 
viral particles of these animal viruses 
strongly resemble HBV particles, like 
HBV, they have genomes that are circu¬ 
lar, partially single-strand DNA mole¬ 


cules, and almost all of them have iden¬ 
tical genetic organizations. 

Hepadnaviruses reproduce by an ex¬ 
traordinary mechanism. Most DNA vi¬ 
ruses directly copy their genomes with 
enzymes called polymerases: the poly¬ 
merases use the original DNA strands 
as templates for assembling new com¬ 
plementary strands. Yet hepadnavirus- 
es use an indirect method, involving a 
strand of RNA as an intermediate. The 
mechanism was first identified in 1982 
by Jesse W. Summers and William S. 
Mason of the Pox Chase Cancer Center 
in Philadelphia, who were working with 
the Peking duck virus. 

The mechanism works as follows: Af¬ 
ter a hepadnavirus genome penetrates 
a cell, it migrates to the nucleus, where 
cellular polymerases transcribe it into a 
long RNA molecule. This 3,500-nucle- 
otide RNA molecule is called the prege¬ 
nome. The pregenome and a viral DNA 
polymerase are packed into a newly 
formed capsid and pass back into the 
cell's cytoplasm. There the polymer¬ 
ase goes to work, reverse transcribing 
the pregenome into a new^ minus DNA 
strand. As soon as the minus strand 
forms, the pregenome is destroyed by 
enzymes. DNA polymerases then begin 
to reconstruct the plus strand, using 
the minus strand as a template. The 
capsid and the viral DNA are finally en¬ 
closed in a new outer envelope as the 
virus leaves the liver cell. When the vi¬ 
rus exits, however, the elongation of the 
plus strand stops immediately. Conse- 


LARGE PROTEIN 



VIRAL PROTEINS in the hepatitis B infectious particle (left) The color code shown here matches proteins to their genes, 
are encoded by overlapping genes in the viral DNA (right). Other genes make products essential to the viral life cycle. 
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How the Hepatitis B Virus Replicates 

1 The hepatitis 8 virus infects a liver cell. 

2 Enzymes extend the short DNA strand of the viral genome. 

3 The viral DNA migrates to the cell nucleus, where it is copied into 
RNA.The 3.5-kilobase strand of RNA becomes the pregenome 
intermediate for further replication. 

4 The pregenome is packaged in a freshly made capsid. 
Polymerase enzymes begin to make a DNA copy of the 
pregenome. 

5 The new DNA strand is a duplicate of the original long strand in 
the viral genome. The pregenome disintegrates as the new DNA 
is compfeted. 

6 Polymerases begin reconstructing a complementary DNA strand 
from the long-strand template. 

7 The viral DNA may persist in the cell long enough to become fuiiy 
double stranded. It can then return to the nucleus for another 
round of replication. 


8 If the new viral particle exits the cell instead of replicating again, 
the capsid is enclosed in afresh envelope. The extension of the 
short DNA strand stops immediately. 



quently, the length of the plus strand 
is variable. 

In its broadest outline, the amazing 
replication mechanism of the hepad- 
naviruses is the mirror image of the 
one used by the retroviruses, such as 
the AIDS virus, which have an RNA 
genome and use a DNA molecule as 
an intermediate. Hepadnaviruses and 
retroviruses have several other analo¬ 
gous features as well. Both types can 
infect cells chronically without destroy¬ 
ing them. The order and function of 
the retroviral genes gag , pol and env 
are directly comparable to those of the 
bepadnaviral genes C, P and S. (Gag 
encodes the retroviral capsid protein, 
pol encodes a transcriptional enzyme 
and em f encodes the envelope proteins.) 
Both families of viruses can also cause 
some cancers. 

Epidemiological studies dearly indi¬ 
cate that chronic infection with HBV 
or the similar hepadnaviruses is suffi¬ 
cient to induce liver malignancies. Mam¬ 
mals chronically infected with hepad- 
naviruses, for example, show a high in¬ 
cidence of liver tumors: more than SO 
percent of infected woodchucks devel¬ 
op primary liver cancers within two 
years. Hans Popper of Cornell Univer¬ 
sity, John L Gerin of Georgetown Uni¬ 
versity and their colleagues have also 
shown that HCC could be experimen¬ 
tally induced in woodchucks through 
inoculation with the hepatitis virus for 
that species. 

Those experiments confirmed the 
cancer-causing properties of a hepati¬ 
tis virus and ruled out the need for car¬ 
cinogenic cofactors. !n the human dis¬ 
ease, other influences may also be at 
work: the period of latency preceding 
the development of HCC is much long¬ 
er in people than in woodchucks, and 
the tumors frequently appear in cir¬ 
rhotic livers. Environmental carcino¬ 
gens and excessive consumption of al¬ 
cohol may still be involved in the gene¬ 
sis of human HCC. 

The question of how HBV induces 
cancer is still open to debate. HBV might 
directly trigger tumor development. Al¬ 
ternatively, the liver tumor may arise in¬ 
directly because of the chronic inflam¬ 
mation, cirrhosis and cell regeneration 
taking place in the diseased tissues. 

Many tumor viruses carry oncogenes, 
genes that can directly transform in¬ 
fected body cells, (Similar oncogenes 
are also found naturally in cells, where 
they seem to control growth and devel¬ 
opment.) The HBV genome, however, 
does not apparently carry 7 an oncogene. 
Moreover, the long latency period be¬ 
tween an HBV infection and the ap¬ 
pearance of a tumor is not compatible 
with the idea that a viral oncogene 
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causes HCC. It is nonetheless conceiv¬ 
able that the gene-activating protein 
produced by HBV gene X might be in¬ 
volved at some early stage of the tu- 
marigenic process. 

A virus can also transform a host cell 
by introducing its DNA into the cel¬ 
lular chromosomes. The insertion of vi¬ 
ral sequences adjacent to cellular onco¬ 
genes can deregulate their expression 
and lead to uncontrolled growth. That 
strategy is typical of some retroviruses 
that induce leukemias and carcinomas 
in mammals and birds after a laten¬ 
cy period. Although HBV does not nor¬ 
mally need to integrate genetic materi¬ 
al into its host's genome to complete 
its life cycle r such integrated forms 
might be incidental by-products. 

Christian Brechot, while working in 
our laboratory, David A. Shafritz of the 
Albert Einstein College of Medicine and 
William J. Rutter of the University of 
California at San Francisco have ana¬ 
lyzed DNA molecules from HCCs and 
found that the viral sequences were in¬ 
tegrated into the chromosomes of the 
tumor ceils. Although such sequences 
were mainly observed in tumors from 
chronic HBsAg carriers, they were also 
found in tumors from HBsAg-negative 
patients, integrated viral DNA was also 
occasionally detected in the livers of 
chronic HBV carriers, which suggests 
that the DNA integration may occur be¬ 
fore or at a very early stage of tumor 
formation. 



HBV 


ACTIVATED CELLULAR GROWTH GENE 

THREE EXPLANATIONS for how hepatitis B Infections could transform liver cells 
into tumor cells have been proposed. Viral DNA may turn on cellular growth genes 
by integrating itself adjacent to those genes {top pathway ) or elsewhere in the 
genome (middle pathway ). Another possibility is that the cells regenerating after 
the infection may erroneously activate their own growth genes {bottom pathway). 


A nalyses of tumors and cell lines 
have shown that HBV can insert 
L its DNA at many different sites 
in human chromosomes. It often induc¬ 
es substantial genetic rearrangements, 
such as chromosomal deletions, trans¬ 
locations or amplifications—abnormal¬ 
ities common in human tumors and 
cancers. The consequences of those ge¬ 
netic events are still unknown. 

In one early human HCC, Anne De¬ 
jean of our laboratory found a single 
insertion of HBV DNA into one mem¬ 
ber of a gene family that makes recep¬ 
tors for thyroid and steroid hormones. 
She was able to isolate and character¬ 
ize that gene and identify its specific 
product as a receptor for retinoic acid. 

Retinoic acid exerts a powerful in¬ 
fluence on cell differentiation and pro¬ 
liferation, and excesses of it during ear¬ 
ly pregnancy have been linked to birth 
defects, it can also make many cultured, 
abnormaJ cells return to their normal 
form and so is used to cure some leu¬ 
kemias. A mutation in a retinoic acid 
receptor gene caused by the insertion 
of HBV DNA could play a part in the 
genesis of human HCC. 

Brechot, who is now at the Necker 


Hospital in Paris, observed the similar 
integration of HBV DNA into the cyclin 
A gene in another human HCC. Cyclin 
A is involved in cellular growth, and 
its abnormal expression can deregulate 
the normal control of cell proliferation. 
Much more information about the fre¬ 
quency of such viral insertions into cel¬ 
lular genomes is needed. 

We have obtained further clues to the 
role of viral integration in HCC from a 
study of woodchuck tumors induced by 
woodchuck hepatitis virus. Viral DNA 
invariably integrates itself in these tu¬ 
mors, and in about 30 percent of the 
cases, we have identified the target sites 
for viral integration as two members 
of the cellular myc oncogene family. 
Those genes are normally involved in 
the control of cell growth and differen¬ 
tiation, but they can also contribute to 
the formation of lymphoid tumors and 
various carcinomas. 

A part of the viral genome harboring 
the enhancer element inserts itself near 
the myc oncogene without modifying 
the gene's code. The synthesis of nor¬ 
mal Myc proteins, now triggered by 
viral information, escapes its normal 


cellular control. Consequently, the ceil 
overproduces the Myc proteins that 
induce unregulated cell growth. This 
mechanism is basically identical to the 
way in which retroviruses are known 
to cause lymphoid tumors in rodents 
and birds. 

There is as yet no evidence that a 
similar pathway leads to the develop¬ 
ment of human HCC: extensive studies 
have failed to reveal insertional muta¬ 
tions in myc oncogenes caused by HBV 
DNA. Nevertheless, other human onco¬ 
genes might be activated either direct¬ 
ly or indirectly by the I-IBV insertion. 
Peter Hans Hofschneider of the Max 
Planck Institute in Munich has shown 
that integrated HBV DNA can produce 
modified proteins dial stimulate the 
expression of both viral and cellular 
genes, including potent oncogenes, A 
more indirect role for the virus was re¬ 
ported by Francis V. Chisari of the Re¬ 
search Institute of Scripps Clinic: in 
transgenic mice, overproduction of the 
HBV large protein leads to chronic liver 
cell injury and finally to HCC. 

In DNA transfer experiments, Kcni- 
chi Matsubara of Osaka University has 
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demonstrated the activation of two oth¬ 
er cellular oncogenes: lea, a gene that 
has so far been implicated only in HCC, 
and hst-1, which is also involved in the 
formation of stomach cancers. Other 
genetic alterations that are not obvi¬ 
ously linked with HBV infection have 
also been observed in human HCC tu¬ 
mors. Further studies are needed to 
understand the viral role in carcinogen¬ 
esis at the molecular level. 

T he preceding experiments dem¬ 
onstrate how instrumental re¬ 
combinant DNA technology has 
been for understanding the basic biol¬ 
ogy of HBV. The technology also has 
practical applications in the develop¬ 
ment of new diagnostic techniques and 
vaccines. 

Diagnostic tests for hepatitis B have 
been improved by the technique called 
molecular hybridization, which capi¬ 
talizes on the high affinity' that short 
strands of cloned DNA have for related 
complementary DNA. Cloned, labeled 
viral DNA can serve as a sensitive, re¬ 
liable probe for detecting infectious vi¬ 
ral particles in blood serum. Current¬ 
ly molecular hybridization using HBV 
DNA is routinely used to identify re¬ 
cent hepatitis B infections. Because the 
identification of viral DNA also allows 
an accurate estimation of how much 
viral replication is taking place, mo¬ 
lecular hybridization is also suitable 
for following the progress of antiviral 
treatments. 

The sensitivity of the method can 
be further improved by using the poly¬ 
merase chain reaction technique, which 
is a simple enzymatic procedure for du¬ 
plicating even traces of specific DNA se¬ 
quences at exponential rates [see “The 
Unusual Origin of the Polymerase Chain 
Reaction,” by Kary B. Mullis; Scientific 
American, April 1990). With this tech¬ 
nique, hybridization-based diagnostic 
tests can increase their sensitivity more 
than 1,000-fold: they can detect as few 
as 100 viral particles in a milliliter of 
serum, which is considered to be the 
minimum infectious concentration. 

Recombinant DNA technology^ is also 
developing new vaccines. Such progress 
began in 1970, when Saul Krugman 
and his co-workers of New York Univer¬ 
sity' demonstrated that the heat-inacti¬ 
vated serum of a chronic carrier could 
protect susceptible persons against 
HBV. Later, several groups showed the 
protective effect of purified viral parti¬ 
cles carrying HBsAg in chimpanzees. 

In 1976 Philippe Maupas and his 
co-workers of the University of Tours 
reported the first results of vaccina¬ 
tion in humans. Their vaccine consisted 
of defective viral particles—essentially, 


empty envelopes bearing HBsAg—pu¬ 
rified from the blood of chronic car¬ 
riers and treated to eliminate all in¬ 
fectious particles. It was the only anti¬ 
viral vaccine ever developed from the 
blood of patients. Maupas and his col¬ 
leagues later clearly demonstrated the 
safety and efficacy of the vaccine for a 
very large group of recipients, includ¬ 
ing many infants in regions where HBV 
is endemic and high-risk populations 
where it is not endemic. (The vaccine 
was less effective in patients on dialy¬ 
sis, probably because of their weakened 
immune systems.) 

Although the serum-derived vaccine 
is effective, producing it poses several 
problems: the supply of human serum 
from chronic carriers is limited, and 
the purification procedure is long and 
expensive. Moreover, each batch of vac¬ 
cine prepared from a different stock of 
infected human serum must be tested 
on chimpanzees to ensure its safety. 
For all these reasons, the idea of ap¬ 
plying genetic engineering to produce a 
hepatitis B vaccine was a very attractive 
one to researchers. 

S everal genetic engineering tech¬ 
niques can be used to develop vac¬ 
cines, but the choices are more 
restricted in practice because HBsAg 
is not fully immunogenic unless it re¬ 
tains its complete natural structure. Ge¬ 
netically engineered bacteria can mass- 
produce HBsAg, but the antigen does 
not have its correct chemical form or 
structure. Yeast and mammalian cells, 
however, can produce useful HBsAg 
proteins. 

HBV vaccines produced in yeast or 
mammalian cells are now r on the mar¬ 
ket. Rutter obtained a vaccine by pro¬ 
ducing one in Saccharomyces cerevi - 
siae (baker’s yeast). In 1984 Marie Lou¬ 
ise Michel of our laboratory genetically 
constructed a line of Chinese hamster 
ovary cells that produce HBV antigens. 
The recombinant HBV DNA that she in¬ 
serted contained both the S gene and 
the pre-52 region. The resulting parti¬ 
cles therefore carry both the major and 
the middle envelope proteins and bear 
both the HBsAg and pre-52 antigenic 
determinants. 

That fact may be significant because 
David R. Milich of the Scripps Clinic 
has shown in mice that the pre-S2 de¬ 
terminant elicits a stronger immune re¬ 
sponse than HBsAg. Moreover, in mouse 
strains that do not produce antibodies 
against HBsAg, immunization with Mi¬ 
chel’s recombinant particles can circum¬ 
vent the nonresponsiveness. This prop¬ 
erty could be important for the vacci¬ 
nation of people who are unresponsive 
to that antigen. 


Another intriguing recombinant DNA 
approach would be to construct a live 
vaccine using the vaccinia virus or the 
adenovirus as vectors. Genetic engi¬ 
neering could make these harmless vi¬ 
ruses express HBV antigens. This tech¬ 
nique has not been applied to vaccines 
for humans until now. It should also be 
possible to chemically synthesize ami¬ 
no acid sequences that would duplicate 
the antigenic determinants of HBsAg, 
and these could provide an inexpensive 
HBV vaccine. Unfortunately, such an ap¬ 
proach is not practical today, because 
the immunogenicity of such artificial 
peptides, like those made by bacteria, 
is extremely low. 

In addition to producing vaccines 
that can prevent HBV infection, recom¬ 
binant DNA technology may also be on 
the verge of finding a cure for chronic 
carriers. In August 1990 Robert P. Pe- 
rillo of Washington University' and his 
colleagues announced that daily treat¬ 
ments with alpha interferon, a genet¬ 
ically engineered protein that boosts 
immune responses, had eliminated or 
inhibited infection in more than a third 
of 85 chronic HBV carriers. Further re¬ 
search on the use of interferon against 
HBV promises to refine and improve 
such treatments. 

During the past decade, the evolv¬ 
ing understanding of the molecular bi¬ 
ology' of HBV has found medical ap¬ 
plications, particularly for preventing 
the infection. Many of the benefits have 
barely been tapped. In developing coun¬ 
tries, mass vaccinations with the re¬ 
combinant vaccine—the first vaccine 
for human use ever developed by re¬ 
combinant DNA technology—will go far 
in controlling hepatitis B. Such a cam¬ 
paign would bring twofold relief: the 
vaccinations would prevent not only 
the acute liver illness but also the as¬ 
sociated cancer. We can hope that it 
w ould usher in an era of better medical 
care based on prudent applications of 
genetic engineering. 
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Science in Pictures 


Photochromic and 
Photosensitive Glass 

Unlike ordinary glass, these glasses respond to 
light, resulting in structures that find uses 
in electronics, optics and the decorative arts 

by Donald M. Trotter, Jr. 


S ince 2000 B.c virtually every 
civilization that discovered the 
art of giassmaking exploited the 
many features of glass to make vessels, 
ornaments and sculpture. The distinc¬ 
tive characteristic that separates glass 
from day is, of course, its transparen¬ 
cy, light passes through glass virtually 
unchanged; conversely, glass remains 
unaffected by the passage of light, But 
there are a host of less familiar glass¬ 
es that do in fact respond to light and 
can undergo useful changes when il¬ 
luminated, Such changes enable man¬ 
ufacturers to produce a variety of de¬ 
vices, from eyeglasses that darken out¬ 
doors to head pads in magnetic mem¬ 
ory drives. Current research suggests 
such potential applications as self-shad¬ 
ing windows for buildings, eyeglasses 
for some vision impairments and con¬ 
nectors for integrated circuits. Glass 
has found uses that could hardly have 
been conceived four millennia ago. 

The glasses fall into two categor¬ 
ies. Photochromic glasses temporarily 
change color when exposed to strong 
light. Photosensitive glasses, on the oth¬ 
er hand, develop an invisible "latent 


image"; subsequent heat treatment de¬ 
velops this image, resulting in perma¬ 
nent structural or color changes—or 
both—in the glass. 

The chemical processes behind these 
glasses enable workers to custom-man¬ 
ufacture highly intricate parts for in¬ 
dustrial applications with mass-produc¬ 
tion efficiency. Because the glasses are 
chemically machined, tolerances exceed 
those of parts mechanically cut and 
drilled, and holes can be made so small 
that a human hair cannot penetrate 
them. In addition, photochromic and 
photosensitive glasses are stable, inert, 
impermeable, strong and nonconduct¬ 
ing, offering structural advantages over 
plastic and metal. 

Scientists and engineers are current¬ 
ly experimenting with the properties of 
the glasses, searching for ways to re¬ 
fine their characteristics and to develop 
commercial applications. These work¬ 
ers are building on the chemical foun¬ 
dations first laid dawn in the 1940s. In 
the early w r ork, S, Donald Stookcy and 
other scientists at Corning Glass Works 
(now Corning, fnc.) in Corning, N.Y., 
had taken ordinary glass and experi- 


PHOTOSENSmVE GLASS ORNAMEN T, shown here at about four times its actu¬ 
al size, is formed when ultraviolet tight bathes unmasked regions. After heat treat¬ 
ment , riiose areas become opal. They are then leached away with hydrofluoric 
acid . The acid also etches the glass, giving it a frosted appearance. 


DONALD M. TROTTER, JR., is a senior research scientist at Corning, Inc. Besides work¬ 
ing on photochromic and photosensitive glasses, he spent several years investigating ex¬ 
perimental capacitors, describing them in the July 1988 issue of Scientific American. 
He received his Pb.D, from the University of Texas at Austin and held a postdoctoral ap¬ 
pointment at Cornell University. A science-fiction enthusiast, he has published several 
short stories in that genre. 
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MICROLENSES are easily made from photosensitive glass. 
The opal regions contract after ultraviolet exposure (1) and 
/ heat treatment (2), becoming denser than the parent glass, 
mt/ Squeezed like tubes of toothpaste , the glassy regions bulge to 
W form lenses { 3). Such lenses have found applications in the autofo- 
cus mechanisms of cameras and in the optical elements of facsimile 
machines * The lenses shown in the micrograph (4) are 100 microns in 
diameter—about the width of a human hair. 




MASK 


PHOTOSENSITIVE GLASS 


merited with chemical additives* Stoo- 
key and his colleagues created Families 
of glasses that react to light by chang¬ 
ing color or forming a latent image* So 
successful was the basic chemical pro¬ 
cess worked out by Stookey that it re¬ 
mains in use today* 
like many common glasses, pho- 
tochromic and photosensitive glasses 
consist predominantly of silicon diox¬ 
ide—the primary constituent of ordi¬ 


nary- sand* Silicon dioxide, however, is 
difficult to work. It melts at a very high 
temperature (above 1,600 degrees Cel¬ 
sius) and is extremely viscous. To re¬ 
duce the melting temperature and cre¬ 
ate a more fluid melt, workers add al¬ 
kali and alkaline earth oxides to die 
glass batch. Oxides of aluminum, bo¬ 
ron , titanium and other metals are add¬ 
ed to control such properties as refrac¬ 
tive index, resistance to weathering and 


strength. Such oxides affect the order¬ 
ing and the coordination of the mole¬ 
cules in the glass* 

A smad number of elements are 
mixed in to give this base glass its pho- 
tochromic or photosensitive properties. 
The additives react or precipitate in re¬ 
sponse to illumination and heating. The 
base glass affects the properties of the 
resulting photochromic or photosensi¬ 
tive glasses by influencing the size and 



How Photoreactive Glasses Work 

PHOTOCHROMIC GLASSES 

ULTRAVIOLET LIGHT ULTRAVIOLET LIGHT 


(SILVER 


)COPPER 


) CERIUM 


Crystallites of copper-doped silver halide 
are present throughout the glass. Ultravio¬ 
let light causes copper to give up an elec¬ 
tron (e~), which is captured by a silver ion. 


Silver ions become neutral and 
aggregate to torm small specks. 
These specks absorb visible light 
and turn the glass dark* 


When illumination ceases, the copper 
regains its electrons. The silver specks 
reconvert into nonabsorbing silver ha¬ 
lide crystallites, and the glass clears. 




ULTRAVIOLET LIGHT 


Ultraviolet illumination frees elec¬ 
trons from a donor, such as cerium. 
The electrons become trapped at 
sites In the glass* 


PHOTOSENSITIVE GLASSES 



the trapping sites. The electrons com¬ 
bine with the silver ions, which subse¬ 
quently aggregate to form silver specks, 



As heat treatment continues, crystals 
of lithium metasilicate or sodium fluo¬ 
ride form. A region where such crys¬ 
tals develop becomes an opaque opal. 
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composition of the precipitated parti- 
cles or the rate of reaction. 

To make a photochromic glass, one 
begins with a base-glass mixture that 
has a relatively targe amount of boric 
oxide. Silver and copper in the form of 
nitrates or chlorides are added, as is a 
metal halide—a compound consisting 
of a metal and a halogen, such as fluo¬ 
rine, chlorine, bromine or iodine. 

The batch is heated to a temperature 
of around 1,200 degrees C, at which 
point it melts into a homogeneous flu¬ 
id whose consistency is that of thick 
syrup* Workers then pour the molten 
glass into molds, which press the liq¬ 
uid into various shapes—for example, 
slightly convex disks from which eye¬ 
glass lenses will later be ground. The 
mold chills the glass and causes it to 
harden and retain the shape. 

As the glass cools, boron changes the 
way it fits into the base-glass structure. 
Consequently, the halogens that were 
dissolved in the glass at the melting 
temperature become much Less solu¬ 
ble. As a result, the halogens can come 
out of solution and react with the silver 
and copper. The reaction precipitates 
crystallites of silver halide that contain 
small amounts of copper halide* 

A lthough the precipitation can, in 
principle, occur at room temper- 
l ature, diffusion in the stiff glass 
matrix is so slow that many thousands 
of years would elapse before any crys¬ 
tallites formed. Workers are able to ini- 


DINNER PLATE was made from photo¬ 
sensitive glass. Exposure to ultraviolet 
light and heat has caused needleiike 
specks of silver to grow on precipitated 
sodium fluoride and sodium bromide 
crystals . The silver needles absorb a 
narrow region in (he light spectrum 
and thus impart color to the glass. Vari¬ 
ations in exposure affect the quantity of 
silver deposited and the needle size , so 
that different colors appear in the plate . 



hate rapid precipitation by reheating 
the glass to a temperature slightly 
below the softening point, typically 
around 600 degrees C, for about 30 
minutes. 

The crystallites, about 100 angstroms 
in diameter, are too small and too 
transparent to scatter or absorb visi¬ 
ble light, which has a wavelength range 
of about 4,000 to 7,000 angstroms. 
The glass remains perfectly dear and 
colorless. The crystallites are not trans¬ 
parent to shorter wavelengths, howev¬ 
er, and they absorb the ultraviolet light 
present in sunlight. When exposed to 
such light, some of the silver ions, pos¬ 
itively charged and ionically bonded 
to negative halogen ions, gain an elec¬ 
tron from a copper ion to become neu¬ 
tral atoms* 

Hundreds to thousands of the neu¬ 
tral silver atoms then cluster togeth¬ 
er to form tiny specks of silver metal* 
Although these silver specks are still 
too small to scatter visible light, they 
can absorb it. The particular wavelength 
absorbed depends on the dimensions 


of the speck. Because many sizes and 
shapes are formed, all wavelengths are 
absorbed equally well. The glass con¬ 
sequently darkens to a gray color. When 
illumination ceases, the copper ions re¬ 
gain their lost electrons. The silver met¬ 
al speck converts back to silver ha¬ 
lide, and the glass quickly fades back 
to its original colorless state. Because 
nothing was lost from the crystallite*s 
during the process, the glass can dark¬ 
en and fade many thousands of times 
without degradation. 

Improvements in the darkening and 
fading rates throughout the 1970s led 
to commercial applications, primarily 
in sunglasses. Recent work has fo¬ 
cused on hydrogen flrtng of the glass¬ 
es* Such firing produces permanent 
silver specks, which in turn give the 
glasses a deep color* The particular col- 



















APPLICATIONS for photosensitive glasses vary widely. Because many 
colors are possible, such glasses are often used for dinnerware, holi¬ 
day ornaments and art glass (far left). Integral louvers, about 3.2 
millimeters wide, in glass doped with the additive sodium fluoride 
have been proposed for architectural uses, such as light control (cen 


or is determined by the duration and 
temperature of the firing. The lenses of 
some eyeglasses made in this way can 
minimize color distortion during the 
day but preserve vision at night. Oth¬ 
ers have spectral characteristics that 
seem to improve the comfort and visu¬ 
al acuity of patients with retinitis 
pigmentosa, a degenerative eye disease, 
as well as some other eye disorders 
that cause photophobia. 

Researchers are also investigating the 
use of photochromic glasses in archi¬ 
tecture and in the manufacture of au¬ 
tomobile windows, although certain dif¬ 
ficulties persist. For instance, the glass¬ 
es tend to be sensitive to the ambient 


temperature. As a result, cold days will 
cause photochromic windows to dark¬ 
en more deeply than will warmer days, 
resulting in uneven lighting conditions 
inside. 

I n contrast to photochromic glasses, 
photosensitive glasses change per¬ 
manently. Silver ions again form 
the basis for the photochemical effects. 
But in photosensitive glasses, workers 
use cerium rather than copper as the 
electron donor for the silver, although 
theoretically several other elements 
can serve this purpose. When the glass 
is illuminated by ultraviolet light, some 
of the cerium ions give up an electron. 


The electrons released by the cerium 
are trapped at specific sites in the glass 
to form a latent image. 

Researchers remain uncertain as to 
the nature of the trapping sites, which 
seem to he present throughout the 
glass. The sites also occur in photo- 
chromic glasses. But unlike those tn 
photosensitive glasses, the silver ions in 
the crystallites of photochromic glass¬ 
es are more efficient in gaining elec¬ 
trons than are the trapping sites. 

Consequently, in photosensitive glass¬ 
es, heat treatment is necessary to re¬ 
lease the electrons from the traps; the 
electrons can then combine with the 
positive silver ions in ihe glass. Heating 
also enables the resulting neutral silver 
atoms to clump together. The minute 
clumps serve as nuclei on which crys¬ 
tals precipitate. These crystals origi¬ 
nate from compounds in the glass 
itself, such as lithium metasilicate, or 
from additives, such as sodium flu¬ 
oride. If sufficient numbers of fairly 
large crystals form, the glass becomes 
a translucent or opaque opal. Masked 
regions remain transparent and glassy. 


PHOTOCHROMIC GLASS finds primary 
use as lenses that darken outdoors. 
Here only one of the tenses has been ex¬ 
posed to ultraviolet light. 



60 Sctentihc American April 1991 


























ter left). More commonly, however, the glasses find applications as 
glass-ceramic channels—here, 0.38 millimeter in diameter with a tol¬ 
erance of 0.01 millimeter—that align the pins of dot-matrix primers 
(center right) and as cell sheets that help to separate lighted pixels in 
gas-discharge displays (far right). 



Photosensitive glasses have become 
more than just a new photographic me¬ 
dium, as they were described when first 
discovered. In the 1980s Nicholas F. 
Borrelli and David L. Morse of Corn¬ 
ing found that the chemical process 
can lead to the manufacture of mi¬ 
crolenses. Lithium metasilicate opal 
shrinks and becomes denser than the 
glass from which it formed. The effect 
occurs while the glass is heated to its 
softening point; the glass deforms to 
accommodate the shrinkage. By care¬ 
fully manipulating the temperature 
and ultraviolet exposure, workers are 
able to control the deformation of the 
glassy regions and thus regulate the 
optical power of the lenses. 

In 1984 Dennis W, Smith and I found 
that the different properties of opal and 
glass enable the direct formation of 
electrical circuitry on glass. Immersing 
a sample with an opal pattern in a mol¬ 
ten salt bath containing silver ions and 
heating it in a hydrogen atmosphere 
forms a conducting silver film on the 
opal regions. The film that forms on the 
glassy regions remains nonconducting. 
This phenonemon has yet to be com- 
mercially exploited, but it may find ap¬ 
plication as, for example, a connection 
between integrated circuits. 

Photosensitive glasses can also form 
highly detailed, complex patterns that 


are used not only as holiday ornaments 
but also as spacers in photomultiplier 
tubes, cell sheets in gas-discharge dis¬ 
plays, and charge plates and nozzles in 
ink-jet printers. Because lithium meta¬ 
silicate opal is much more soluble in 
acid than is the glass from which it 
forms, placing the sample in a bath of 
dilute hydrofluoric acid leaches out the 
opal regions. This process leaves behind 
a complex glass part of high precision. 

U sing the additive sodium flu¬ 
oride will result in photosen¬ 
sitive effects different from That 
achieved by lithium metasilicate. When 
workers mix sodium fluoride with so¬ 
dium bromide, they can generate in 
glass deep, beautiful colors from the 
entire spectrum. 

The initial heat treatment causes so¬ 
dium fluoride crystals to form on silver 
nuclei. The blocky crystals serve as bas¬ 
es from which pyramid-shaped crystal¬ 
lites of sodium bromide grow during 
continued heat treatment. The result¬ 
ing crystals tend, however, to remain so 
sparsely distributed and so small that 
the glass does not become opal but 
instead retains its transparency. A sec¬ 
ond, more severe ultraviolet exposure 
followed by another heat treatment 
frees additional quantities of silver. 
This silver precipitates out onto the tips 


of the sodium bromide pyramids in 
long, needlelike specks, which are large 
enough to absorb visible light. The nee¬ 
dles are all similar; thus, they absorb 
the same fairly narrow band of wave¬ 
lengths and impart a brilliant color to 
the glass. Varying the ultraviolet inten¬ 
sity results in different dimensions of 
the silver needles, so that many colors 
appear throughout the glass. Such col* 
ored photosensitive glasses are found 
in color filters, dinnerware and art glass. 

impermeable, hard, inert, refractory 
and insulating, photochromic and pho¬ 
tosensitive glasses are uniquely useful. 
Since their invention, they have proved 
to be the ideal solution for a host of 
technological problems. 
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How Dinosaurs Ran 

Did the giants of the Mesozoic period lumber sluggishly, or were they 
formidable running machines? Techniques borrowed from modem 
physics and engineering may give us the answer 


by R. McNeill Alexander 


E lephants do not prance and leap 
about like gazelles, and they can¬ 
not do so because of their size. 
Imagine how dinosaurs, some of them 
much more massive than any elephant, 
must have moved. Perhaps their legs 
were too weak to support their enor¬ 
mous weight, so they lived in lakes and 
depended on water to buoy them up, as 
some old pictures suggest. Or perhaps 
their limbs were strong enough to sup¬ 
port them and they walked and ran like 
elephants—or some of the more athlet¬ 
ic modem animals—despite their size. 

Because the dinosaurs are extinct, 
we cannot confirm or refute any of 
these possibilities by direct observation, 
but fairly convincing answers can be 
obtained by applying methods taken 
from physics and engineering. Using 
the art of shipbuilding, the study of 
forces and stresses on structures and 
skeletons and the observation of wild¬ 
life, we can understand some of the 
physical rules that may have governed 
dinosaur movement. 

We can combine this mechanical ap¬ 
proach with what is known from the 
fossil record, both from bones and 
from dinosaur tracks, to describe what 
may have been the agility or sluggish¬ 
ness of these giant animals. The pic¬ 
ture that emerges can tell us whether 
Triceratops —the homed quadruped— 
galloped or shuffled and whether Ty¬ 
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He also studies the strengths of animal 
parts in relation to the forces they have 
to withstand as well as the consequenc¬ 
es of size differences for their structure 
and movement. 


rannosaurus— the bipedal carnivorous 
king—could outmaneuver or outrun 
his Trice ratops prey. 

W e know dinosaurs principally 
by their skeletons, from which 
we can measure their heights 
and lengths. But this information does 
not provide the weight that these skel¬ 
etons, particularly their limbs, had to 
support. Nor do the measurements of 
length and height help us make com¬ 
parisons between dinosaurs of differ¬ 
ent shapes. Unfortunately, we lack the 
most generally useful measure of size: 
body mass. 

Most of the weight of Living dino¬ 
saurs was skin, flesh and guts that de¬ 
cayed long ago, so today their body 
mass can only be estimated. Such cal¬ 
culations can be done by measuring 
scale models of the dinosaurs as they 
are thought to have been in life-suit- 
ablc plastic models can be bought in 
many museums. 

Using .Archimedes' principle (immers¬ 
ing a model in water and measuring 
the amount of water displaced), we can 
determine the volume of plastic repli¬ 
cas. This measure can then be scaled 
up to approximate the volumes of the 
real creatures. Some models are made 
to a scale of one fortieth, so their vol¬ 
umes have to be multiplied by 40 x 40 x 
40 (length times height times width), 
or 64,000, to get the volumes of the 
actual dinosaurs. Multiplying this stag¬ 
gering vnlirmp m turn hy 1,000 kilo¬ 
grams per cubic meter (the density of 
water and, approximately, of crocodiles 
and mammals) gives the dinosaurs' 
likely masses. 

These measurements suggest a mass 
of more than seven metric tons for Ty¬ 
rannosaurus, the largest-known flesh¬ 
eating dinosaur. (A metric ton is 2,205 


1YRANNOSAURVS , a carnivore, pursues 
the three-horned plant-eating Tricer 
atops , Was the chase quick and lively, 
or did these two dinosaurs plod along? 


pounds.) This weight is 10 times that 
of a fully grown male polar bear, the 
biggest modem land-living predator. 
Brachiosaurus, the largest plant-eating 
dinosaur of which there exists a reason¬ 
ably complete skeleton, was even more 
gargantuan. It seems to have weighed 
about 50 metric tons, 10 times the 
mass of a mature male African ele¬ 
phant and about equivalent to that of 
an average sperm whale. Although Bra¬ 
chiosaurus was indeed a magnificent 
animal, standing 13 meters high, or 
well over twice as tall as an adult gi¬ 
raffe, it may not have been the biggest 
dinosaur. Supersaurus and UUrasaurus, 
known only by a few bones each, may 
have been even more impressive. 
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The problem of support faced by 
very large land animals was first ad¬ 
dressed by Galileo in the early 1600s, 
when he theorized about the relation 
of size to strength and structure. Con¬ 
sider two animals of different sizes that 
are geometrically similar—meaning that 
if the larger is, for example, twice as 
long as the smaller animal, it is also 
twice as wide and twice as high. In that 
case, the bigger animal has two (length) 
times two (height) times two (width), or 
eight, times the volume of the smaller 
one (2 * 2 x 2 = 8). And assuming that 
they are made of the same substances, 
the larger creature outweighs its small¬ 
er counterpart eight times. 

But there is a complication. Although 
the volume of the larger animal is eight 
times greater, the strength of its legs 
increases only by a factor of four. Be¬ 
cause leg strength is proportional to the 
area of the cross section of the limb, one 
leg would be only two (length) times 
two (width), or four, times stronger. 
(An increase in height would have no 
effect on the cross section.) hi other 
words, eight times the weight would 
have to be carried by only four times 
the strength. So, as Galileo noted, if an 
animal becomes progressively bigger 
without changing its shape, it must 
eventually reach a size at which it is in¬ 
capable of supporting itself. 


To apply this observation about 
support to the movement of dinosaurs, 
we need information about modem 
animals—particularly about the effects 
of size differences on their movement. 
1 had been researching the mechan¬ 
ics of running and jumping in frogs, 
dogs, kangaroos and other animals for 
several years, when I was invited to 
speak at a conference about the im¬ 
pact of size on animal locomotion. So 
I set out to develop a theory of run¬ 
ning that would account for size differ¬ 
ences and soon noticed that an expres¬ 
sion kept cropping up in my equations. 
This was v 2 /gl, where v is running 
speed, g is the acceleration of gravity 
(9.8 meters per second squared) and 
/ is leg length. This expression held 
the key that eventually made it pos¬ 
sible to assess the athletic abilities of 
dinosaurs and even to calculate their 
running speeds. 

A Ithough T did not realize it at 
/\ first, v l /gl falls into a class of 
L expressions first used by a 19th- 
century naval architect named William 
Froude. Froude wanted to estimate the 
power needed to propel newly design¬ 
ed ships by making tests on small scale 
models before the ship itself was built. 
(In doing so, he hoped to avoid expen¬ 
sive mistakes.) Since the bow wave that 


is pushed in front of a ship causes 
much of the resistance to the vessel, 
Froude realized that the height of the 
bow wave in his models must be pro¬ 
portionate to that of a real wave against 
the prow of a real ship. To achieve this 
wave size, he showed that the model 
must be tested at a specific speed, giv¬ 
ing rise to an expression now named 
after him: a Froude number. 

tn the realm of shipbuilding, the 
model's Froude number (v 2 /gi) must 
be the same as the Froude number for 
the real ship traveling at its normal 
speed in order for the test to be use¬ 
ful. In Froude's calculations, of course, 
/ was not leg length but the length of 
the hull of the ship. 

Fronde's experiment illustrated a spe¬ 
cial case for a more general rule—if 
it had not, it would have been of no 
use to me, since ships are not much 
like dinosaurs. The rule involves the 
concept of dynamic similarity, which 
can he thought of as an extension of 
geometric similarity. As we saw, two 
shapes are geometrically similar if one 
can become identical to the other by a 
uniform change in The scale of length. 
(Height and width, of course, have to 
be scaled up in proportion.) likewise, 
two motions are dynamically similar if 
one can become identical to the oth¬ 
er by uniform changes in the scales of 
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STRIDE LENGTH is the distance between two successive prints from the same foot. 
Compsognathus, a carnivore the size of a contemporary chicken, is depicted here. 
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FROUDE NUMBERS for kangaroos, humans and quadrupeds, such as rhinoceroses, 
are plotted against the animals’ relative stride lengths. The numbers increase loga¬ 
rithmically—so that the difference between Froude numbers 0.1 and 20 is clear. 


length, time and force. Two animals of 
different sizes, for example, may be dy¬ 
namically similar if they both are trot¬ 
ting or galloping. 

The general rule that applies to bow 
waves, running animals and all oth¬ 
er systems involving gravity reveals 
that dynamic similarity is possible only 
when Froude numbers are equal. Look¬ 
ing at the energy of these systems clar¬ 
ifies this point. In the rise and fall of a 
wave, or of a limb, energy is converted 
back and forth between kinetic and po¬ 
tential forms. Two systems can be dy¬ 
namically similar only if they have the 
same ratio of kinetic energy (equal to 
1/2 mv 2 for a body of mass m moving 
at speed v) to potential energy (equal 
to mgh, where h is height). This ratio 
is v 2 /2gh, proportional to a Froude 
number. 

With the formula in hand, I was 
able to extend the observations from 
shipbuilding to other aspects of dy¬ 
namic similarity. 1 hypothesized that 
geometrically similar animals of differ¬ 
ent sizes would run in approximately 


dynamically similar fashion whenever 
their speeds made their Froude num¬ 
bers equal. Precise dynamic similarity 
could not be expected, because animals 
of different sizes are not quite the same 
shape, and strict dynamic similarity re¬ 
quires strict geometric similarity. 

T he theory proved generally true. 
For instance, one of the predic¬ 
tions of the hypothesis was that 
animals of different sizes would use 
similar gaits when their Froude num¬ 
bers are equal. Indeed, ferrets and rhi¬ 
noceroses change from trotting to gal¬ 
loping at very different speeds, but in 
each case the Froude number is about 
the same. Ferrets alter their gait when 
they start to travel at 1.5 meters per sec¬ 
ond. Because their hip height is 0.09 me¬ 
ters, the expression of the Froude num¬ 
ber is 1.5 squared divided by 0.09 times 
g (or 9.8 meters per second squared). 
The result is 2.55. Similarly, a rhinocer¬ 
os changes from a trot to a gallop at 5.5 
meters per second, and its hip height 
is 1.2 meters—when the calculations 


are made, the Froude number is 2.57. 

Another prediction involved stride 
length, the distance between successive 
footprints of the same foot. The fast¬ 
er animals run, the longer their stride. 
The hypothesis held that when their 
Froude numbers were equal, different 
animals would take strides in the same 
proportion to their leg length—because 
of their dynamic similarity. Therefore, 
a graph of relative stride length (that 
is, stride length divided by leg length) 
plotted against Froude number should 
be the same for cats and camels, fer¬ 
rets and rhinoceroses [see lower illus¬ 
tration at left]. 

This relationship, however, turns out 
to be true only for mammals the size 
of a house cat and larger. It does not 
hold as well for smaller mammals such 
as rats because they run in an often pe¬ 
culiar, crouched manner, quite different 
from the bigger mammals. The graph 
also shows that the relation between 
relative stride length and Froude num¬ 
ber is similar for bipeds such as peo¬ 
ple and kangaroos and for quadrupeds 
such as dogs and horses—demonstrat¬ 
ing that these two forms of movement 
share some dynamic similarity. (To that 
extent, you run the way the hindquar¬ 
ters of a small pony move.) 

The graph proved to be even more 
illuminating because it soon occurred 
to me that I could use it to estimate 
the speed of dinosaurs from the stride 
lengths shown by their footprints. Rath¬ 
er surprisingly, great numbers of di¬ 
nosaur footprints have survived as im¬ 
pressions in mud that turned to stone 
[see “The Footprints of Extinct Ani¬ 
mals,” by David J. Mossman and Wil¬ 
liam A. S. Sarjeant; Scientific Ameri¬ 
can, March 19831. These tracks show 
that dinosaurs walked with their feet 
directly under their bodies like mam¬ 
mals and birds, not sprawled out to 
either side in the manner of modem 
reptiles. Consequently, the relation be¬ 
tween relative stride length and Froude 
number for mammals should also ap¬ 
ply to dinosaurs. In contrast, estimat¬ 
ing dinosaur speed by comparing these 
giants with modern reptiles would not 
be appropriate. 

The largest-known footprints, with 
hind feet measuring 1.3 meters in di¬ 
ameter, have been found in Spain. 
Tracks of slightly smaller prints lie 
in other parts of the world—even in 
Yorkshire, England. The best known 
of the smaller prints—measuring 0.9 
to 1.0 meter in diameter—were dis¬ 
covered in Texas. The size and shape 
of these footprints suggest that sau- 
ropods, huge long-necked, long-tailed 
herbivores, roamed this region. Three- 
toed bipeds similar to Tyrannosaurus 
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made other tracks nearby. One famous 
trail shows that these two Texans met: 
a sauropod and a tyrannosauri ike bi¬ 
ped traveled along the same path \see 
illustration on this page]. Was this dra- 
made chase leading to a kill? Were the 
animals heaving themselves along slow¬ 
ly and with difficulty, or did they rush 
past at earth-shaking speeds? 

U sing Froude numbers and stride 
lengths measured from these 
and similar trackways, I made 
my first efforts to infer the speed of di¬ 
nosaurs, Since leg length can be esti¬ 
mated from the size of the footprints— 
footprints should be about one quar¬ 
ter of leg length—relative stride length 
could also be calculated. And once rel¬ 
ative stride length was established, I 
used the graph to find the correspond¬ 
ing IToudc numbers. Then, armed with 
the leg length, 1 could calculate speed. 
The results may not be very accurate, 
however, because the data points on 
the graph show a fair amount of scat¬ 
ter and because we are using data from 
modem animals to estimate speeds for 
dinosaurs. 

By this account, the speed of the 
large dinosaurs was unimpressive. All 
known footprints of large sauropods 
seem to show speeds of about one me¬ 
ter per second, a slow walking speed 
for humans that seems painfully slow 
For animals with three-meter hind legs. 
None of the footprints of very large 
bipedal dinosaurs show speeds above 
2.2 meters per second, the pace of a 
fast human walk. 

Although most of the footprints of 
big dinosaurs seem to show walking 
speeds, many footprints of smaller ones 
record running. The fastest tracks were 
made in Texas by a biped of probably 
a little more than half a metric ton, 
roughly the mass of a racehorse, and 
by another somewhat smaller one. Both 
sets of footprints indicate a speed of 
12 meters per second, which is higher 
than the peak speed of 11 meters per 
second reached by the best human 
sprinters—but well below the speeds 
of 15 to 17 meters per second at which 
horse races are generally won. 

The lack of running footprints of 
huge dinosaurs, however, does not 
show that they could not run but mere¬ 
ly that they usually walked—at least on 
surfaces in which footprints were likely 
to be preserved. If you were to go out 
on a snowy day, for example, and mea¬ 
sure human footprints, you would prob¬ 
ably find only short strides, indicat¬ 
ing walking speeds, but you would be 
wrong to conclude that people cannot 
run. Clearly, a different approach was 
needed to judge how athletically large 


dinosaurs could have moved when they 
really tried, 

T he faster an animal runs, the 
greater the forces its feet exert 
on the ground and the stronger 
its legs need to be. The reason is that 
at higher speeds each foot is on the 
ground for a smaller fraction of the 
stride, so it has to exert peak force— 
the maximum force that occurs while 
the foot is on the ground—to make 
a complete stride balance and carry 
the body weight. For instance, the peak 
force on a human foot rises from sim¬ 
ple body weight during slow walking to 
3.5 times the body weight in sprinting. 
Fast running and athletic behavior re¬ 
quire strong bones. 


Examining the forces exerted by the 
feet of various creatures led to a great¬ 
er understanding of dinosaur motion. 
My colleagues and i used a force plate 
(a pressure-sensitive panel embedded 
in the floor) to measure the forces on 
the feet of people, dogs, a sheep and 
a kangaroo as they walked, ran, hop¬ 
ped or jumped. These results, togeth¬ 
er with films of animals running and 
anatomical data, enabled us to calcu¬ 
late the stresses that these different 
movements imposed on the animals' 
leg bones. 

A few assumptions also allowed us 
to determine the stresses in the bones 
of wild animals such as buffalo that we 
could film but not bring into the labo¬ 
ratory. We could have applied the same 



DINOSAUR TRACKS provide a record of stride length and speed. A small, three- 
toed carnivore may have pursued a larger sauropod along this Texan trail. This 
pair of footprints was discovered by Ronald T. Bird at Paluxy Creek in 1944. 
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approach to dinosaurs to find out how 
well their bones would have withstood 
the stresses of running, but recon¬ 
structing their patterns of movement 
would have involved elaborate calcu¬ 
lations and a good deal of imagination, 
l preferred a quicker and easier way, 
again using the concept of dynamic 
similarity and insights from structural 
engineering, 

F orces act on the ends of bones (at 
the joints) setting up stresses in 
the bone shaft. These forces can 
be broken down into their components: 
axial force (F ax ) acts along the long 
axis of the bone, and transverse force 
(E JraFJJt ) acts at right angics to it [see box 
on opposite pctgel Taken alone, F ax sets 
up a uniform stress -F a JA, where A Ls 
a cross section of the bone and the mi¬ 
nus sign indicates a compressive stress. 


Added to this force arc the stress¬ 
es caused by F fram , 'Hicse transverse 
stresses vary across the thickness of 
the bone from - F irnns x/Z at one end of 
the bone to +F trans x/Z at the other, tn 
these expressions, x is the distance of 
the cross section from the end of the 
bone, and Z is the section modulus, a 
geometric property' of the cross sec¬ 
tion. (Engineering textbooks explain 
how to determine the section modulus, 
for those interested.) 

Too great a stress will break a bone. 
Calculations for the leg bones of run¬ 
ning and jumping modem animals 
showed that the stress F rram x/Z was 
generally much greater than the stress 
F a JA~ This difference tells us that 
transverse forces are a much more se¬ 
rious threat to bones than axial ones: 
it is much easier to break a stick or 
a bone or any other long, thin bar by 


transverse forces than it is to break it 
by axial ones. Therefore, since we need 
only rough estimates of bone stresses, 
we can ignore the less important F ax 
and consider only 

For animals running in dynamically 
similar fashion, all the forces acting on 
the bones are proportional to body 
weight, W T because the hones have to 
support that weight. This rule includes 
transverse forces on the leg bones: the 
stresses they cause {F^ am x/Z) are 
proportional to Wx/Z , Now imagine 
two similar animals of different sizes 
moving in a dynamically similar fash¬ 
ion. The stresses in the leg bones will 
be less in whichever animal has lower 
values of Wx/Z t indicating that its 
bones are strong enough to do more 
athletic things than the other animal’s 
bones. 

By changing the expression just 
slightly, we can arrive at a value for a 
strength indicator that is more straight¬ 
forward to use: the reciprocal Z/Wx . 
Thus, the greater the value of Z/Wx 
is for the bones of the animal, the 
more athletic we can expect that ani¬ 
mal to be. To be even more prerise, 
we can use Z/aWx, where a is the frac¬ 
tion of body weight supported by the 
forelegs or hind legs, as appropriate. 
Including this weight distribution en¬ 
ables us 10 make meaningful compar¬ 
isons between, for example, elephants 
and the brontosaur Apatosaurus— a 
massive herbivore dinosaur—since ele¬ 
phants carry the major part of their 
weight on the forelegs and Apatosau¬ 
rus on the hind legs. 

Once we had determined a strength 
indicator for the principal leg bones 
of large modern mammals and of di¬ 
nosaurs, we were able to conclude that 
a dinosaur could have been as athlet¬ 
ic as any modern mammal with simi¬ 
lar strength indicators. This conclusion 
depended on the assumption that the 
bones of different animals can stand 
about the same stresses. And tests on 
samples of bones from birds and mam¬ 
mals show that this is indeed roughly 
ime. We cannot check these stresses on 
dinosaur bones, however, since their 
properties have been altered by decay 
and fossilization. 

The conclusion that high strength in¬ 
dicators imply agility also depended on 
the assumption that evolution has ad¬ 
justed the strengths of bones of differ¬ 
ent animals to give them equal safety 
factors. The safety' factor of a structure 
is described as the force needed to 
break it, divided by the maximum force 
expected to act on it in normal use. (En¬ 
gineers generally design structures with 
safety' factors of two or more to make 
disaster unlikely.) 


Bone Strength in Large Animals 


BODY MASS STRENGTH INDICATOR 

(METRIC TONS) FEMUR TIBIA HUMERUS 


AFRICAN ELEPHANT 

FEMUFT^- l\ 

TBIA — IT/ yHUMERUS 

2.5 


9 

11 

AFRICAN BUFFALO 

0.5 

22 

27 

21 

APATOSAURUS 

34 

9 

6 

14 

DfPLODOCUS 

12-19 

3-5 

NO DATA 

NO DATA 

TRICERATOPS 

6-9 

13-19 

NO DATA 

14-22 

TYRANNOSAURUS 

7.5 

9 

NO DATA 

NO DATA 
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The process of arriving at the values 
for the strength indicators for the di¬ 
nosaurs is not as straightforward as 
the conclusions. The first step is to cal¬ 
culate the value of the section mod¬ 
ulus, or Z t of their bones. To do this, I 
needed detailed measurements of cross 
sections at known distances, x, from 
the end of the bones. (The section 
modulus, although complicated to ar¬ 
rive at, simply takes account of the ar¬ 
eas of all parts of the cross section and 
their distances from the middle of the 
hone, or girder.) I was able to obtain 
values for x from accurate drawings 
published by earlier paleontologists. 

Now all I was missing to make my 
calculation of the strength indicators 
complete was the weight, W, of the di¬ 
nosaur and, if it was a quadruped, the 
fraction, a, of that weight carried by 
each pair of feet. (I have already ex¬ 
plained how dinosaur weights are esti¬ 
mated from the volumes of models.) 

To calculate the distribution of 
weight between the feet, I had to find 
the center of gravity of each dino¬ 
saur. By suspending each mode] from 
a thread—first from its nose so that it 
hung vertically and then from its back 
so it hung horizontally—I could arrive 
at this center. Each model was pho¬ 
tographed in both positions, and care 
was taken to ensure that the axis of the 
camera was perpendicular to the plane 
from which the scaled plastic replica 
hung. (For such an exercise, monofil¬ 
ament nylon is superior to spun thread, 
which unwinds, thus making the mod¬ 
el spin.) Because the dinosaurs hung 
with their centers of gravity’ directly 
below the point of support, the thread 
pointed toward the center of gravity 
in each photograph. By superimposing 
two photographs, 1 could discover the 
center of gravity. 

One slight complication in this tech¬ 
nique w T as easily remedied. Unlike real 
dinosaurs, which would have had air in 


their lungs and dense bones running 
through less dense flesh, the models 
were solid plastic of uniform density. 
In the real animals the bones were dis¬ 
tributed along the whole length of the 
body, so they probably did not affect 
the position of the center of gravity too 
much—but the air was all near the 
front end of the trunk. I compensated 
for these different densities either by 
calculation (assuming lungs of about 
the same fraction of body volume as in 
modern reptiles and mammals) or by 
boring a hole representing the approx¬ 
imate volume where the lungs would 
have been. 

Correction for the lungs moved the 
center of mass only a little bit, less 
than 20 centimeters in a 20-meter sau- 
ropod. Once 1 knew, or thought 1 knew, 
the dinosaur's center of mass, I could 
divide its weight appropriately between 
the forefeet and hind feet. (For exam¬ 
ple, if the center of mass was two me¬ 
ters behind the front feet and one me¬ 
ter in front of the hind ones, the hind 
feet would have carried two thirds of 
the weight.) 


How Forces 
Act on Bones 

W hen an animal moves, forces 
are exerted on the ends of 
its bones and cause stresses In the 
bone shaft. These forces can be 
broken down into different com¬ 
ponents: the axial force (F ax ) and 
the transverse force iF trans ). In the 



F F 

ax r trans 

cross section {area A) of the dia¬ 
gram, F ox produces a stress, -F ax /A 
(the stress is negative because it is 
compressive). This stress is weaker 
than that stress produced by F tram : 
F tfans x/Z. (Z represents the section 
modulus, an engineering term, 
which describes properties of the 
cross section.) 


A ll these procedures and data, tak¬ 
en together, supplied the infor- 
L mation we needed to calculate 
the strength indicators Z/aWx for dif¬ 
ferent dinosaur limbs [see table on op¬ 
posite page]. Remember that obtaining 
larger values from this formula implies 
more agility 7 for the animal. The compu- have been about as athletic as an de¬ 
lations enabled us to compare elephants phant. Elephants can manage a slow 

with Apatosaurus , the very large sau- run but cannot gallop or jump (a nar- 

ropod dinosaur commonly known as row ditch is enough to keep them in 

the brontosaur. The strength indica- a zoo enclosure). It seems likely that 

tors ranging from seven to 11 for the the same was true of Apatosaurus. Un¬ 
various leg bones of an African ele- fortunately, it is difficult to be specific 

phant are not very different from the about speeds because most published 

values of six to 14 for Apatosaurus— elephant speeds are subjective esti- 

w 7 hose bones were bigger but similarly mates, and anyone who has had an 

proportioned. alarming experience with an elephant 

This comparison suggests that de- is likely to exaggerate. One film of a 

spite its huge size, Apatosaurus could young elephant running shows a speed 


LMCLM UIClL (J'UUULCU Kty 1 . 

F trans x/Z. ( Z represents the section 
modulus, an engineering term, 
which describes properties of the 
cross section.) 



ELEPHANT AND APATOSAUR US, a plant-eating dinosaur, their leg bones. This similarity means that the extinct giant 
both have approximately the same strength indicators for probably ran much the same way our contemporary does. 
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TRICERATOPS may have moved like the White rhinoceros, which was sketched from a film, is galloping at seven meters 
a modern, horned herbivore. The White rhinoceros here, per second—which is about the speed of a fast human run. 


of about five meters per second (a 
slowish speed for a human runner). To 
reach the same Froude number on its 
longer legs, Apatosaurus would have 
had to run at seven meters per sec¬ 
ond—slightly brisker than an elephant. 

Diplodocus, a more slender sauro- 
pod, seems to have a lower strength in¬ 
dicator, at least for the femur (the only 
bone for which 1 found a cross section). 
Therefore, it was probably less agile, 
able to walk on land with no need to be 
buoyed up by water but possibly not 
able to run. Unfortunately, consider¬ 
able doubt exists about the mass both 
of Diplodocus and of the well-known 
horned Triceratops because measure¬ 
ments have been made in each case on 
a skinny model and a stout one—it 
seems uncertain which model is more 
accurate. 

The strength indicators for the Tri- 
ceratops are higher than for either of 
the two sauropods and fall between 
elephant values and values for more 
athletic animals such as the African 
buffalo. These findings suggest that Tri¬ 
ceratops may have been more athlet¬ 
ic than elephants, possibly able to gal¬ 
lop like buffalo and rhinoceroses. I 
have a film of an adult White rhinoc¬ 
eros of about two tons, galloping in 
a large zoo enclosure at seven meters 
per second while being pursued by a 


vehicle. For Triceratops to have reached 
that same Froude number—although it 
is doubtful whether it could have—it 
would have had to travel at nine me¬ 
ters per second. 

The conclusions reached for Apato¬ 
saurus, Diplodocus and Triceratops are 
already tentative, and we must be even 
more cautious about Tyrannosaurus 
because all modern bipeds are so very 
much smaller. Indeed, no contempo¬ 
rary biped moves its legs in a way that 
seems likely for its structure. We can 
only note that the strength indicator of 
a Tyrannosaurus femur is low, in the 
elephant range. 

T he calculations that allowed me 
to assess the agility of dinosaurs 
are firmly based in physics and 
engineering. Especially useful to me 
was the concept of dynamic similar¬ 
ity, which had its origins in shipbuild¬ 
ing but has become immensely impor¬ 
tant in aerodynamics, heat engineering 
and other branches of physical science. 
And the theory of stresses in beams 
(the section modulus), which is con¬ 
stantly used by structural engineers, 
provided further insights. 

Both sets of theory' enabled me to ar¬ 
rive at dinosaur strengths and speeds, 
but it would be foolish to claim that 
the calculations are accurate. I hope I 


have made dear some of the sources 
of error. These estimates give the im¬ 
pression that although large dinosaurs 
walked slowly, most were capable of 
quite a quick run and none needed to 
live in water or to rely on buoyancy for 
support. 

The evidence from footprints sug¬ 
gests that if we had been alive at the 
time (and had had the nerve), we could 
have strolled alongside a walking saur- 
opod or tyrannosaur, keeping up with 
it without difficulty. The calculations 
derived from bone dimensions suggest 
that large sauropods may have been as 
agile as elephants and that Triceratops 
may have been a little more athletic. 1 
think 1 am probably fast enough to out¬ 
run a pursuing tyrannosaur, but, per¬ 
haps fortunately, 1 am unlikely to have 
to try. 


FURTHER READING 

Mechanics of Posturi and Gait of 
Some Large Dinosaurs. R. McN. Alex¬ 
ander in Zoological Journal of the Lin - 
nean Society , Vol. 83, No. 1, pages 1- 
25; February 1985. 

Dynamics or Dinosaurs and Other 
Extinct Giants. R. McNeill Alexander. 
Columbia University Press, 1989. 
Dinosaur Tracks. Tony Thulbom. 
Chapman and Hall, 1990. 
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How deeply can 
language be traced? 
Radical linguists look 
back to the Stone Age. 
Traditionalists disagree. 

I n the beginning there was 
the word. Ask Merritt Ruhlen 
what it was and he will reply: 
tik. That simple monosyllable 
was what prehistoric man may 
have named linger. Ruhlen says it 
comes down to English as toe 
and to Latin as digit. He refus¬ 
es to put a date on the root, al¬ 
though others argue, on genetic 
evidence, that it goes back per¬ 
haps 100,000 years. 

Ruhlen, an unaffiliated linguist, 
is one of a small group of radical 
researchers who believe they can 
hear echoes of ancient voices. He 
thinks it is possible to trace all 
the world’s languages back to a 
single source spoken in the dis¬ 
tant past, a tongue not heard 
since well before the first horse 
was broken and the first dog was 
brought unflinching to the camp¬ 
fire. Others are content to trace 
language back to roots current 
perhaps 12,000 to 15,000 years 
ago, before the development of 
agriculture. 

That all the several thousand 
languages spoken by the world’s 
four billion people sprang from a 
common root is a powerful idea 
indeed. It is the linguistic paral¬ 
lel of the “Eve hypothesis” for¬ 
mulated by Allan C. Wilson, Mark 
Stoneldng and Rebecca L. Cann 
of the University of California at 


GENEALOGICAL CHART relates entire 
families of languages to proposed super- 
families. The Indo-European family, for 
example, appears in purple; it includes 
English in its Germanic branch (top left). 
Some Soviet linguists group the family 
with six others in the controversial Nos- 
trade superfamily (bottom left). An alter¬ 
native superfamily, Eurasiatic, has also 
been proposed. None of the superf 'amilies 
and not all of the familes are accepted as 
proved by the majority of linguists. Fam¬ 
ilies, such as Etruscan, and subfamilies, 
such as Anatolian, that have no living 
languages appear in black. 
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Berkeley, who compared samples of 
DNA to trace the entire human popula¬ 
tion back to a single woman in Africa 
perhaps 150,000 years ago. It may even 
rival the importance of the grand uni¬ 
fied theory now being sought by physi¬ 
cists. But, like its counterparts in oth¬ 
er disciplines, the monogenesis of lan¬ 
guage is hard to prove* 

For nearly two centuries, scholars 
have been grouping languages into fam¬ 
ilies, some 200 in all. Some families, 
known as isolates, contain only a sin¬ 
gle member: Basque, a language still 
spoken in the Spanish and French Pyr¬ 
enees, is the best-known example. But 
most contain a number of languages 
whose similarities point to their descent 
from a common ancestor, the protolan¬ 
guage of the family. The most ancient 
protolanguages that all linguists accept 
are believed to have been spoken about 
7,000 years ago. 

To comparative linguists who have 
devoted entire careers to a painstaking 
study of one group of languages, the 
idea that the families themselves might 
be compared and their far more an¬ 
cient roots discerned seems impossibly 
ambitious* If the tree of language could 
in fact be traced to far deeper roots, 
then the Lrnnks on which most special¬ 
ists have labored would seem mere 
twigs on a vaster tree. 

Shouted Down 

Yet that is precisely what two groups 
of researchers are doing. The first se¬ 
rious effort to trace the branches of hu¬ 
man language back to a 12,000-year- 
old Neolithic trunk was made near¬ 
ly 30 years ago by the Soviet linguists 
Vladislav M. Illych-Svitych and Aaron 
B. Dolgopolsky. The two scholars, at 
first working independently, eventually 
linked six families of languages to trace 
a hypothetical ancestor that they called 
Nostradc, derived from the Latin for 
our (language)* Together these families 
transmit the cultural heritage of three 
quarters of humankind. 

In the U*S*, Joseph M. Greenberg 
of Stanford University began compar¬ 
ing families of languages in the 1950s. 
His most sweeping work, Language in 
the Americas , was published in 1987. 
In Lhat book, Greenberg classified the 
myriad languages of the Americas into 
three groups, each with its own ancient 
antecedents. He thus united three quar¬ 
ters of the language families that are 
known to exist or to have ever existed. 

Even before it was published, Green¬ 
berg's analysis came under attack* In 
1986 a preview of his book appeared 
in Current Anthropology, That inspired 
Lyle Campbell, who teaches Native 


American languages at the University 
of Louisiana, to write that Greenberg's 
classification should be “shouted down” 
so as not to mislead anthropologists 
into wasting time trying to confirm it. 
But the strongest opposition to the 
Nostraticists and to Greenberg and his 


associates comes from the traditional 
comparative linguists who specialize in 
the Indo-European family of languages. 
This family is thought to be descended 
from a single speech last spoken in the 
fourth or fifth millennium B*C. 

All specialists agree that by the dawn 



Living Language Families of the World 

The map gives current ranges ot major language families, 
most of which are generally accepted by linguists* Some, 
however, are disputed, notably the Amerind family. Wher¬ 
ever recently adopted Indo-European tongues such as 
English, French or Portuguese would have obscured a 
whole family, the indigenous family is shown instead. 


Western Hemisphere: From Joseph H. Greenberg, Language in ihe Americas. 
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of history, about 4,000 years ago, pro¬ 
to-Indo-European had fragmented into 
a dozen branches, two of which, Ana¬ 
tolian and Tocharian, left no survivors. 
By the Middle Ages, Germanic, Italic, 
Celtic, Baltic, Slavic, Albanian, Greek, 
Armenian, Iranian and Indie had dif¬ 


ferentiated into a plethora of modem 
tongues, several of which have since 
ridden through the world on the shoul¬ 
ders of conquerors, farmers, merchants 
and missionaries, becoming the native 
speech of every second human being. 

Indo-European study has its origin in 


the systematic, if rather fanciful, classi¬ 
fications of the 16th and 17th centu¬ 
ries, when theologians first attempted 
to prove the biblical account of the con¬ 
fusion of tongues at Babel by tracing 
all languages to biblical Hebrew, Secu¬ 
lar etymologies were tried as early as 



AFRO-ASIATIC 
ALTAIC 
AMERIND 

AUSTRALIAN-ABORIGINAL 
HI AUSTRO N E Si AN 





CAUCASIAN 
DRAVIDIAN 
ESKIMO-ALEUT 
INDO-EUROPEAN 
INDO'PACIFIC 



JAPANESE 

KHOISAN 

KOREAN 

NA-DENE 

NIGER-CONGO 



NILO-SAHARAN 
PALEO SIBERIAN 
SINO-TIBETAN 
TAI 

URALIC 


Eastern Hemisphere; Adapted from David Crystal. Cambridge Encyclopedia of Language 
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Dueling Linguists 

L anguage researchers vehemently dispute how far back 
one can trace the genealogy of language- Eric R Hamp of 
the University of Chicago {left) reflects the conservative ap¬ 
proach of researchers who reconstruct the history of the Indo- 
European languages, the best-studied family. He will accept no 
etymology that does not account for every alteration in sound 
and meaning that a word has undergone throughout its histo¬ 
ry, Aaron B. Dolgopolsky of the University of Haifa ( center ) co¬ 
founded the study of the proposed Nostratic superfamily 30 
years ago, while he was still working in the Soviet Union. Dol¬ 
gopolsky insists that the 1,600 Nostratic roots he and his col¬ 
leagues have reconstructed meet Hamp’s high standards, even 
though the etymologies begin where the Indo-Europeanists 
left off. Joseph H. Greenberg of Stanford University (right) rep¬ 
resents the most radical school of thought. He groups whole 
families of languages—most recently the 1 50-odd families of 
the New World—into a few superfamilies without bothering to 
reconstruct the various stages in their development. He says 
his method of comparing many languages all at once allows 
him to discern patterns of kinship that more narrowly special¬ 
ized linguists miss. 



die 17th century, notably by Gottfried 
Wilhelm Leibniz, the co-discoverer of 
calculus. 

But linguists like to date their field to 
its first great achievement, the argu¬ 
ment propounded in 1786 by Sir Wil¬ 
liam Jones, a scholar and jurist . He ob¬ 
served of Sanskrit, Greek and Latin that 
“no philologer could examine them all 
three without believing them to have 
sprung from some common source, 
which, perhaps, no longer exists. 15 

Jones's immediate successors were 
the Dane Rasmus Rask and the Ger¬ 
mans Franz Bopp and Jacob Grimm, 
one of the Brothers Grimm of fairy¬ 
tale fame. Grimm was the first to call 
genera) attention to systematic sound 
differences in words having similar 
meanings from different Indo-Europe¬ 
an groups. He noted that such modern 
members of the Germanic family as En¬ 
glish and German have an f and v in 
places where the other groups have a p , 
For example, English and German say 
father and vater> whereas Latin has pa¬ 
ter and Sanskrit gives pitar-. A web of 
such sound shifts, as they are called, 
was subsequently found to have left 
marks in many other languages. 

The comparative technique attained 
nearly modern form in the mid-19th 
centur> r in the work of August Schleich¬ 
er, who first charted language families 
as branches on a tree. Schleicher was 
also the first scholar to attempt to re¬ 
construct languages by inferring their 
words from later forms, a laborious 
process that has been likened to trian¬ 
gulation. He even imagined how these 
words might have produced sentenc¬ 
es in combination with grammatical 


markers, which he also reconstructed. 

Historical linguists look for analogies 
that they then test against a range of 
criteria to determine whether the anal¬ 
ogy is a form that descended directly 
from the two languages 1 last common 
ancestor. Such forms are called cog¬ 
nates. But in language, where change is 
the rule and words are traded, modi¬ 
fied and discarded, reconstructing true 
meanings is a complex process. 

At the foundation of this method is 
the idea that two languages can be 
genetically related even if they have 
no cognates in common. If language A 
shares cognates with language B, which 
in turn shares cognates with language 
C, all three must be kin. Yet one can 
imagine that the lexicons of A and C 
might not overlap. Kinship refers to the 
history of a language, not to its content. 

Traditional linguists compare only a 
few languages at a time, seeking com¬ 
monalities and reconstructing roots. So 
far the Indo-Europeanists have recon¬ 
structed a vasi lexicon of words spo¬ 
ken well before writing was invented. 
Such reconstructions often tell more 
about early cultures than can be learned 
from their material artifacts. 

Prehistoric Patriarchs 

Consider, for example, the recon¬ 
structed Indo-European word for fa¬ 
ther: p r ter~. Linguists modeled this root 
from derived forms, which compara¬ 
tive studies have shown to signify the 
male head of a household, as in the 
Latin pater familias. Thus do we know 
that the speakers of Indo-European 
formed patriarchal communities. 


Similarly, linguists think the Indo- 
European word for god was deiw-os, 
which later shows up in Latin as dens* 
In combination with p’ter-, it designat¬ 
ed the patriarchal god of Indo-Euro¬ 
pean religion: Dyeu p’ter-. It survived 
as Jupiter in Latin, Zeus pater \n Greek 
and Dyaus pitar in Sanskrit. 

By such means can some myths of 
classical cultures he reconstructed to 
archetypal patterns, themselves anthro¬ 
pomorphic reflections of the way Indo- 
Europeans lived. "The reconstructed 
words deiw-os and Dyeu p 7 ter alone tell 
us more about the conceptual world of 
the Indo-Europeans than a roomful of 
graven idols,” wrote Calvert Watkins of 
Harvard University in his introduction 
to a dictionary of Indo-European roots. 

Indeed, the reconstructed proto-Indo- 
European vocabulary speaks volumes 
about the lives of those who spoke 
it. Soviet linguists Thomas V. Gamkre- 
lidze and V. V. Ivanov point out, for ex¬ 
ample, that the numerous words for 
domesticated animals, such as dogs, 
cows and sheep, as well as for crops, 
such as barley and wheat, indicate that 
the cultures were primarily agricultural 
[see “The Early History of Indo-Euro¬ 
pean Languages,” by Thomas V. Gam- 
krelidze and V. V. Ivanov; Scientific 
American, March 1990]. 

Gamkrelidze and Ivanov have also 
reinterpreted the linguistic evidence to 
pinpoint die location at which Indo-Eu¬ 
ropean arose. Its homeland has been 
variously placed in the steppes of Rus¬ 
sia and the forests of northern Europe. 
Bui the two Soviets argue that a num¬ 
ber of words seemed to have been bor¬ 
rowed from the non-Indo-European Ian- 
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guages of ancient Mesopotamia, speci¬ 
fically eastern Anatolia (now part of 
Turkey) and the southern Caucasus (in 
Soviet Georgia }* 

From there the protolanguage spread 
out and differentiated into the languag¬ 
es that make up this group today* The 
traditional picture invokes conquering 
horsemen imposing their language by 
force. But another scenario, propound¬ 
ed recently by archaeologist Colin Ren¬ 
frew of the University of Cambridge, de¬ 
picts a gradual diffusion of language 
borne not by the warrior's chariot but 
by the farmer's plow [see “The Origins 
of Indo-European Languages," by Col¬ 
in Renfrew; Scientific American, Oc¬ 
tober 1989]* 

Examining archaeological evidence, 
Renfrew concluded that farmers' off¬ 
spring, moving just a short distance 
away from their birthplaces, could have 
spread the languages across Europe 
in the space of 1,500 years. As peo¬ 
ple moved out of contact, their speech 
changed, from generation to genera¬ 
tion, into distinct dialects, then mutu¬ 
ally unintelligible languages. Although 
it would appear that no such agricul¬ 
tural mechanism could have guided the 
dispersion and differentiation of lan¬ 
guages spoken before the invention of 
agriculture, Renfrew' says he is intrigued 
by the Nostratic hypothesis. “The more 
I've heard of Nostratic, the more inter¬ 
ested I have become," he says. 

The traditional linguists believe the 
evidence of their reconstructions is 
trustworthy. Reconstructions, they say, 
meet the strictest definitions of sci¬ 
ence: they make predictions (hat can 
be tested positively against empirical 


evidence. A famous example dates to 
the 19 th century, when Ferdinand de 
Saussure, a French linguist, deduced 
that the Indo-European languages were 
descended from a system that included 
a class of sounds that had not survived 
in any known tongue. Later scholars 
identified the sounds as laryngeal con¬ 
sonants, so called because they are 
produced at the back of the throat* 

Saussure’s theory was regarded as a 
neat but rather artificial construct until 
the 1920s, when archaeologists dug up 
tablets from the archives of ancient Hit- 
tite kings at Hattusas, in modem Tur¬ 
key. The tablets were found to be writ¬ 
ten in the previously unknown Anato¬ 
lian languages, which preserve some of 
the original proto-Indo-European con¬ 
sonants that Saussure had predicted* 

Nostraticists argue that their com¬ 
parisons produce equally valid insights 
into far more ancient cultures. Nostrat- 
tc is held to be ancestral to Indo-Euro¬ 
pean, the Dravidian languages of India, 
the Kartvelian languages of the south¬ 
ern Caucasus, the Uralic family (includ¬ 
ing Finnish and Samoyed), Altaic (such 
as Turkish, Mongolian) and Afro-Asiat¬ 
ic or, as it is sometimes called, Hamito- 
Semitic (such as Arabic, Berber). 

Illych-Svitych died at the age of 31 
years in a traffic accident, leaving his 
projected dictionary of Nostratic roots 
incomplete. Dolgopolsky, who emigrat¬ 
ed to Israel in the 1970s, carried on the 
work at the University of Haifa. He now 
has about 1,600 roots, many of which 
carry cultural baggage comparable to 
that in the reconstructed lexicon of 
Indo-European. 

The differences, however, are much 


more interesting: Nostratic has many 
w ? ords for plants but none for cultivat¬ 
ed varieties or for the technologies of 
cultivation. Similarly, it has words for 
animals but does not differentiate be¬ 
tween domestic and wild. From these 
absences of data, scholars tentatively 
conclude that the language was spo¬ 
ken before the emergence of agricul¬ 
ture and animal husbandry- 

it would therefore appear that speak¬ 
ers of Nostratic w'ere hunter-gather¬ 
ers* Vitaly Shevoroshkin, a former asso¬ 
ciate of the Soviet Nostraticists now 
teaching at the University of Michigan, 
observes that the vocabulary includes 
words like haya, which meant the run¬ 
ning down of game over a period of 
days* Still, he notes that words for fair¬ 
ly permanent shelters indicate that the 
Nostrates (as he calls them) lived in vil¬ 
lages for which some tentative archaeo¬ 
logical evidence exists* 

To arrive at those conclusions, how¬ 
ever, the Nostraticists are accused of 
taking shortcuts that traditional Indo- 
Europeanists consider unacceptable. 
The traditionalists admit that the So¬ 
viet linguists indeed reconstruct the 
requisite web of sound shifts and try to 
reconstruct protowords according to 
accepted rules. But, they maintain, the 
Nostraticists compare poorly sifted data 
and accept as cognates words from dif¬ 
ferent languages that might owe their 
resemblances to chance or simple lin¬ 
guistic borrowing. 

The Nostraticists reply that they min¬ 
imize chance resemblances by seeking 
complex sound correspondences and 
that they rule out borrowing by exam¬ 
ining words that are particularly un- 
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A Discipline Where Caution Prevails 


L inguists tend to conservatism, 
and not without some justifi¬ 
cation. More than most oth¬ 
er scholars, linguists are besieged 
by amateurs advancing potential¬ 
ly embarrassing notions. Most of 
these amateurs are merely harmless 
drudges in the grip of a private the¬ 
ory, But there also was Adolf Hitler, 
who used a strange combination of 
Darwinism and Indo-European lin¬ 
guistics to support his ideology of 
an Aryan superrace. 

With the taint of World War II, it is 
perhaps not surprising that many 
historical linguists are now quick to 
dismiss any attempt to find connec¬ 
tions between genes and language. 
Even linguists who specialize in mat¬ 
ters besides classification tend to be 
leery of any idea that might hint at 
racist implications. 

Take the theory about Creole lan¬ 
guages propounded nearly 10 years 
ago by Derek Bickerton of the Uni¬ 
versity of Hawaii. Bickerton studied 
the common languages created by 
immigrants to island communities 
and found that they changed strik¬ 
ingly between the first and second 
generation of speakers. First-gener¬ 
ation speakers cobble together struc¬ 
turally cumbersome codes called pid¬ 
gins, whereas their children create 
complete languages called Creoles. 
Bickerton argued that all Creoles 
share structural features that reflect 
innate patterns of mind. 

That’s not the equalitarian idea it 
might seem to be at first, says Mark 
R. Hale of Harvard University. “That 
Creoles somehow preserve a struc¬ 
ture innate in children under the age 
of two is, in a way T racist or can be 
used for that," he says. Might not the 
invariant syntax of Creoles prove, 
rather, the unity of humankind? “I 
think that is what Bickerton intend¬ 
ed/’ Hale replies, after a pause. "But 
there is the danger that others might 
put another construction on it. Re¬ 
member, these Creoles are spoken 
by brown people, the children of 
slaves and indentured laborers/' 
Even studying the words used for 
colors can get a linguist into politi¬ 
cal trouble. In 1968 Paul Kay and 
Brent Berlin of the University of Cal¬ 
ifornia at Berkeley set out to test 
the belief that people perceive the 
world wholly through the conceptu¬ 
al grid of language. The extreme po¬ 
sition held that a Russian, for exam¬ 
ple, might be conditioned by his lan¬ 
guage to see a color as light blue 
or dark blue, whereas an American 
might see it as plain old blue, for 


which a single English word exists. 

Kay and Berlin found that it does 
not work that way. "Languages that 
lump many colors together under 
one color term tend to lump in the 
same way," Kay observes, "Some 
people haven't forgiven me to this 
day/' he says, "Some even argued 
that my theory had racist implica¬ 
tions—not the universatist aspect, 
but the calling attention to the vary¬ 
ing number of color terms. The lan¬ 
guages of Colonial oppressors tend 
to have more words for color than 
those of the oppressed." 

Woe t too, to a biologist who links 
languages to population groups. 
Stanford University geneticist Luigi 
L. Cavalli-Sforza was attacked for cor¬ 
relating the frequency with which 
certain genes appear in populations 
to the languages those populations 
speak. He thinks genes and language 
diverged at the same time—when 
populations split apart—and that 
some splits date to the settling of 
the earth by modern Homo sapiens. 

It was Charles Darwin who first 
linked the evolution of languages 
to biology. In The Descent of Man 
(1871), he wrote, "The formation of 
different languages and of distinct 
species, and the proofs that both 
have been developed through a 
gradual process, are curiously paral¬ 
lel/' But linguists cringe at the idea 
that evolution might transform sim¬ 
ple languages Into complex ones. 

Today it is believed that no lan¬ 
guage is, in any basic way, “prior" to 
any other, living or dead. Language 
afters even as we speak it, but it nei¬ 
ther improves nor degenerates. Mod 
ern English may be better than Old 
English for a discussion of physics, 
but this tells us nothing about the 
potential resources of either tongue. 

Earlier generations of linguists had 
no such reservations about ranking 
languages. In the 1 9th century Au¬ 
gust Schleicher classified them ac¬ 
cording to their structures. 

Schleicher said that "isolating" lan¬ 
guages, such as Chinese, used sim¬ 
ple elements and were thus more 
"primitive' 1 than "agglutinating" lan¬ 
guages, such as Turkish, which 
builds its words from distinct forms. 
He put "inflecting" languages like 
German higher because their words 
vary with function. He ranked San¬ 
skrit highest because its inflections 
were so elaborate. The system failed 
even on its own terms, however, by 
elevating the languages of many 
hunter-gatherers above those of the 
linguists themselves. 


likely to be borrowed. These so-called 
stable words denote concepts believed 
to be common to aU languages—body 
parts, for example, or natural objects 
such as the sun and the moon. 

Lost in Static 

“It is certain that the word for house 
is much less stable than the word for 
hand, because the whole system of ar¬ 
chitecture and house building can be 
replaced, and the words with them/ 
says Sergei Starostin, a Soviet linguist. 
“It is known that you borrow things 
and the words that describe them. But 
you do not borrow hand; it does not 
happen/' 

That’s not good enough for the Indo- 
Europeanists. “I'm not saying the Nos¬ 
tra tidsts are wrong. I’m saying they 
haven't shown that they are right,” de- 
dares Eric P. Hamp of the Universi¬ 
ty of Chicago, one of the world’s Lead¬ 
ing historical linguists. Hamp and oth¬ 
er conservative linguists argue that the 
information left over from long-dead 
languages must tend, like the signal 
broadcast by a distant radio station, to 
be drowned in the static of random lin¬ 
guistic change. 

For their part, the radicals say Hamp 
and his like-minded colleagues take 
potshots at Nostratic and related the¬ 
ories without making a reasoned re¬ 
sponse. “1 have repeatedly urged Hamp 
and Calvert Watkins at Harvard to pub¬ 
lish their objections to Nostratic," says 
Alexis Manaster Ramer of Wayne State 
University. “Both of them attended a 
conference on these things, as discus¬ 
sants, in 1984 in Ann Arbor, and I re¬ 
peatedly challenged both of them to 
state specifically what die hell they 
were objecting to, and they wouldn’t.’ 1 

In an interview, however, Hamp is 
voluble enough To maintain a crackling 
telephone conversation for six hours 
without a break and energetic enough 
to regard his imminent retirement as 
a chance to do stid more research. He 
readily wrings out citations from “your 
schoolboy Latin” and “your Homeric 
Greek ” without considering that his in¬ 
terlocutor may have little of the one 
and less of the other. 

Nor is he reticent as he listens to the 
Nostratic root for dog, wolf, namely, 
kujna/qujna. “That alternation between 
k and q is already unacceptable/’ he 
says. “We do that with an occasion¬ 
al form, but only when we think we 
know the phonological system/’ When 
he hears the root’s proposed meaning, 
dog t wolf, he dismisses the entire exer¬ 
cise. “1 would say they’re playing very 
fast and loose with the semantic con¬ 
tent,” he says. “From aU we know of 
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proto-Indo-European, the word for dog 
was used for the domesticated thing, 
which apart from its zoological classifi¬ 
cation had a sodal content. Somebody 
who says, 'Well just move dog over 
into wolf' has a consummately naive 
view of the world.” 

What about in the Neolithic world of 
Nostratic? “If Nostratic was spoken at 
a time when the dog was just being do¬ 
mesticated, then it would be perfectly 
reasonable" to combine the concepts, 
Manaster Rainer argues. Dolgopolsky 
adds: "I just don't think [Hamp’sJ right 
that we aren’t as accurate," 

If the Nostraticists bend the rules 
of the game, Greenberg and his group 
break them. That 's because Greenberg 
does not even bother to reconstruct 
roots. Instead Greenberg works with 
large groups of languages at once—a 
process he calls multilateral compari¬ 
son. Compare, he says, the 25 major 
languages of modern Europe according 
to the sounds they use to signify nine 
basic concepts—one, two, three, head, 
eye, ear, nose, mouth and tooth. 

Under arte, you find most of the 
words falling into one class or another. 
The similarity between vienas and viens 
in Lithuanian and Latvian is striking. 


Under two, some of the foggier bound¬ 
aries become clear—such as dau, dau 
and do, for Breton, Irish and Welsh, re¬ 
spectively. "By the time you get through, 
you’ve got three main groups: Indo- 
European, Finno-Ugric and Basque,” 
Greenberg says. “Then you can divide 
Indo-European into Romance, Baltic, 
Slavic, Germanic and Albanian." 

Greenberg says his multilateral com¬ 
parison is so powerful that it will find 
relationships among languages even 
when the data available are rather thin. 
He first applied the method nearly 30 
years ago to a reclassification of the Af¬ 
rican languages—many of them rather 
poorly documented. His work won him 
praise, even from some of his most ar¬ 
dent critics. His success may have en¬ 
couraged him to enter into the greatest 
snake pit of Ms life, the notoriously di¬ 
verse languages of the New World. 

When he classified American languag¬ 
es, Greenberg divided them first into 
Eskimo-Aleut and Na-Dene, which has 
members in the Pacific Northwest and 
the southwestern U.S., such as Navaho. 
Both groups are generally accepted. But 
the specialists bitterly attack Green¬ 
berg's third group, wMch he dubbed 
Amerind, in wMch he throws the hemi¬ 


sphere’s many other language families. 

While Nostratic raises the traditional¬ 
ists 1 hackles to half-mast, Greenberg's 
Amerind thesis completes the job. The 
reason is the apparent ease with wMch 
his system solves one of the thorniest 
problems in contemporary anthropolo¬ 
gy. There are 150-odd Native American 
language families, each apparently as 
different—the specialists say—as Indo- 
European is from Sino-Tibetan. Yet the 
Old World has only 40-odd families, de¬ 
spite the much more ancient history of 
settlement that ought to have produced 
more linguistic diversity, not less. 

Moreover, crucial data vanish when¬ 
ever a speaker’s death puts an end to 
the last language of a given family, and 
there are not enough linguists {or fund¬ 
ing) to describe the dying tongues. Lin¬ 
guists estimate that half of the world's 
6,000 existing languages will die out 
in the next century. No one is even sure 
how many there might have been. “Even 
when you have five living speakers left, 
you don't see linguists rushing around 
with an ambulance and a tape record¬ 
er," says Thomas L. Markey, who has 
recently organized conferences on 
Indo-European and Nostratic studies. 

Even without attempting to recon- 


GENETIC RELATIONSHIPS POPULATION LANGUAGE FAMILIES 



GENETIC AND LINGUISTIC histories roughly correspond be 
cause both diverge when populations split apart to form iso¬ 
lated communities. The genetic closeness of populations is 


shown by their distance from a common branching point 
(left)', their linguistic closeness is depicted in a similar chart 
of language families and superfamilies (right). 
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Are Humans Born to Speak? 

L anguage is the greatest human invention—if it is an in- 
vention at all. Noam Chomsky of the Massachusetts Insti¬ 
tute of Technology thinks it isn’t. He believes that lan¬ 
guage is as innate in the infant as flight is in the eaglet and 
that children do not so much learn language as develop it 
spontaneously in response to a stimulus. "Very few people are 
concerned with the origin of language because most consider 
it a hopeless question,” Chomsky says. 

Indeed, the question had generated so much talk and so 
little knowledge by 1866 that the Linguistic Society of Paris 
banned its discussion. The ban failed long before Chomsky 
came along, however, and many theories have been advanced: 

* The bow-wow theory: Early words may have formed by 
onomatopoeia, as in bow-wow for dog, cuckoo for the familiar 
bird and whoosh for a puff of wind. 

* The pooh-pooh theory: Emotional interjections such as 
pooh, bah and harrumph may have constituted early words. 

* The yo-he-ho theory: When many people coordinated their 
exertions to haul a rope or roll a stone, they may have had re¬ 
course to ritualized chants that eventually acquired meaning. 

■ The la-la theory: Some sounds may have originated in 
play, as in children’s singing or lovers' cooing, 

• Oral gestures: Early speakers may have used their lips to 
point, creating vowel shifts that distinguish close from far. This 
may explain the shifts heard in the English words this and that 
and in the French void (here it is) and voiid (there it Is). 

That, of course, begs the question of why language arose at 


all. Derek Bickerton of the University of Hawaii speculates in 
his recent book Language and Species that the development of 
the brain produced language as a by-product. Neural struc¬ 
tures that allowed early hominids to abstract from their per¬ 
ceptions a “secondary representation 11 of the world improved 
their capacity to adapt to their environment. These structures 
then might have enabled them to attach meaning to gestures 
and sounds, producing a primitive language that had no syn¬ 
tax, the ordering of words that defines human language. 

Primitive language would have been full of words signify¬ 
ing meaning but would have lacked grammatical elements. 
Because it would have evolved much earlier than syntax, trac¬ 
es of it may perhaps be found in the gesturing of apes that 
have been taught the elements of sign language. Bickerton 
speculates that feral children also provide an inkling of what 
primitive language was like because they were isolated in the 
crucial early years when syntax normally develops. Supposed 
"wolf children 11 rescued from the wilds of India early in this cen¬ 
tury could learn many things, but they never advanced much 
beyond the verbal ability of a normal two-year-old. 

The jump from primitive language to syntactic language is 
hardest of all to explain. Bickerton offers a tentative argument 
that concludes that "a single genetic event might indeed have 
been enough to turn protolanguage into syntacticized lan¬ 
guage. 1 ’ He concludes by noting that all the prerequisites for 
language—larger brain, improved vocal tract, new neural link¬ 
ages—involve changes in the anatomy of the head. 

Chomsky, too, agrees that the event must have happened 
abruptly in evolutionary terms because syntax reflects an in¬ 


struct ancient tongues, Greenberg in¬ 
sists that his method is illuminating 
the distant past. And a growing num¬ 
ber of scientists in other disciplines 
agree. Two early converts were Stephen 
L. Zegura and Christy G. Turner li of the 
University of Arizona. They had stud¬ 
ied genetic and dental variation among 
Native Americans independently of 
Greenberg. When they heard him lec¬ 
ture on his preliminary findings for Na¬ 
tive American languages, they told him 
that his results closely matched their 
own. When the biological and linguistic 
classifications were plotted on a map, 
they roughly coincided. The main dis¬ 
crepancies came in the Native Ameri¬ 
can populations of the Pacific North¬ 
west, which apparently had a tangled 
history. 

Early Americans 

Greenberg and his two collaborators 
published their findings jointly in 1986 
and concluded that the ancestors of Na¬ 
tive Americans must have immigrated 
in at least three discrete waves over the 
land bridge that once connected Siberia 
to Alaska. They could not rule out more 
than three, because additional implant¬ 
ed languages and genes might have left 
no traces. Exactly which communities 
of Asia contributed to these waves is 
hard to say, although Soviet linguists, 
working independently, have suggested 


a link between Na-Dene and the lan¬ 
guages of northern Caucasia. 

Further genetic evidence in support 
of Greenberg’s Amerind hypothesis has 
since been provided by Douglas C. 
Wallace of Emory 7 University. “Data we 
published this year indicate that Green¬ 
berg’s hypothesis seems correct," Wal¬ 
lace said in an interview in late No¬ 
vember, “Our data show, 1 feel strongly, 
that the pale o-Indians—Amerinds—are 
one group." 

The combination of genetic and lin¬ 
guistic analysis works particularly well 
in America, Wallace adds, because it 
was a blank slate. "The first immigrants 
who came over the land bridge did not 
encounter another culture,” he says. 
“ I’m not surprised that there are ambi¬ 
guities in the Old World, because there 
have been so many mixtures." 

But those mixtures can be explained, 
argues another important backer of 
Greenberg’s hypothesis, geneticist Lui¬ 
gi L. Cavalli-Sforza of Stanford Univer¬ 
sity 7 . "Genes have no direct effect on 
language," he notes, "but the language 
that you learn depends on where you 
were born and with whom you were 
bom—your family and social milieu. If 
a group separates, both the gene pool 
and the language will diverge, so the 
history of genes and of language is es¬ 
sentially the same," 

Cavalli-Sforza is a venerable worker 
in his field, as Greenberg is in his, and 


he too has come under fire for support¬ 
ing the Amerind theory. He went even 
further three years ago, when he pub¬ 
lished a study finding correlations be¬ 
tween the frequency with which certain 
genes appear in populations and the 
families of languages that those pop¬ 
ulations speak. He took his linguistic 
data from Greenberg’s classification of 
all the world’s languages. 

There were some notable cases where 
details of the linguistic and genetic 
trees did not match, Cavalli-Sforza says. 
Each, however, can be explained as the 
result of the replacement of one lan¬ 
guage by another, or the interchange of 
genes. Hungary provides a good exam¬ 
ple of language replacement: although 
its people are genetically like their 
European neighbors, they speak a lan¬ 
guage from a non-Jndo-European fam¬ 
ily, adopted in the Middle Ages from 
Hungary’s Magyar conquerors. African 
Americans have similarly undergone 
both language replacement and par¬ 
tial gene replacement. Not everybody 
accepts these explanations. “Linguists 
can test word resemblances to see if 
they result from common descent or 
just from borrowing, but i don’t see 
how Cavalli-Sforza can do the same 
for his genetic patterns," Manas ter Ra- 
mer says. 

But to get a true picture of ancient 
demographic patterns, Cavalh-Sforza 
has laid particular emphasis on study- 
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MONHUMAN PRIMATES such as the chimpanzee (left) can breathe while swallow¬ 
ing because the epiglottis and velum form a watertight seal. In humans (right) 
the position of the larynx makes this feat impossible. Source: Philip Lieberman. 


born pattern of great intricacy. He thinks this 
innate ability explains why any child can 
learn any language without making the 
grammatical mistakes that one would expect 
if no preprogrammed structure were at hand. 

Human language ability could have 
emerged suddenly when some genetic event 
knitted together a panoply of traits that had 
evolved for other purposes, Chomsky and 
others say. One such trait may have been 
the conscious control of vocalizations. Dogs 
bark when the mood seizes them; chim¬ 
panzees at least try to choke back impolitic 
calls, although with indifferent success. Hu¬ 
mans, however, can lie through their teeth. 

Another adaption may have been the abili¬ 
ty to decode vocalizations. The very best 
telegraphists have never been able to ab¬ 
sorb Morse code at the rate at which even a 
half-attentive child can extract meaning 
from dialogue. Our brains, it appears, are 
adapted to process vocal modulations. 

The modulations themselves have remark¬ 
able richness, in part because of the unusual shape of the hu¬ 
man vocal tract. Philip Lieberman of Brown University notes 
that this shape makes humans the only mammals incapable of 
drinking and breathing at the same time. The drawback is that 
it is not uncommon for humans to choke to death while eating. 

The increased risk of choking would seem to have been off¬ 


set by the improved articulation made possible by our vocal 
tract. The Neanderthals, in contrast, had a vocal tract resem¬ 
bling that of an ape, according to Lieberman’s reconstruction 
of the fossil evidence, if so, then they would have been rather 
inarticulate, a failing that might explain why they died out and 
Homo sapiens survived. 


mg those populations that are believed 
to have borrowed less of their language 
and of their genes* 11 In aboriginal popu¬ 
lations, there is no complete blurring,” 
he says. "Traces of the common history 
remain, going back, as far as 1 can tell, 
to the original settling of the earth, per¬ 
haps as much as 100,000 years ago.” 

Mitochondrial Eve 

That estimation reflects the Eve work 
of Man Wilson and his colleagues. The 
genes they studied to trace humanity's 
common genetic inheritance were en¬ 
coded on DNA of the mitochondria, in¬ 
tracellular organelles that convert glu¬ 
cose into a more readily used form of 
energy'. Because such DNA is inherited 
strictly from the mother, without being 
scrambled with the father’s genes dur¬ 
ing mitosis, “Mitochondrial Eve 1 ' had to 
be a woman. 

Wilson and Ms team found more ge¬ 
netic diver sity in Africa than anywhere 
else, so they hypothesize that Eve and 
her tribe lived there. They estimated 
the dates on the basis of two compar¬ 
isons: one among humans from 
around the world and one between hu¬ 
mans as a group and chimpanzees. The 
DNA is then used as a "molecular 
clock,” calibrated by the estimated di¬ 
vergence between the human and chim¬ 
panzee lineages (which split off more 
than five million years ago). 


Yet all the corroboration provided by 
the geneticists and archaeologists can¬ 
not sway Indianists such as Lyle Camp¬ 
bell. He rejects Greenberg’s position 
with the vehemence of a litigator, de¬ 
claring that Greenberg’s theory' is at 
once derivative and unsupported, "I 
don’t want to give Greenberg any credit 
at all," Campbell snaps. The idea “was 
already around; we were working on 
it all along. This doesn’t address the 
problem of whether these verbal simi¬ 
larities are due to Mstorical reasons or 
to other things.” 

Campbell also dismisses Greenberg’s 
w ? ord lists as wortMess and his gram¬ 
matical patterns as illusory 7 . These pat¬ 
terns, wMch Greenberg regards as "con¬ 
clusive/ 1 are dearest in the case of two 
pronominal markers, rt- denoting the 
first person and m- denoting the sec¬ 
ond person. Campbell says that these 
markers arc absent hi many of the lan¬ 
guages Greenberg classes as Amerind 
and that they are present in many he 
exdudes. Because they are easy-to-pro- 
nounce nasals, he adds, the sounds are 
likely by chance to end up as grammat¬ 
ical markers. He also invokes the ar¬ 
gument of "nursery talk” to link each 
sound to the concept it denotes. 

Whether or not the Nostraticists and 
Greenberg are playing fast and loose 
with the rules, the hypothesis of the 
monogenesis of language is one that 
most linguists believe to be plausi¬ 


ble. Indeed, the appearance of language 
may define modern Homo sapiens and 
explain why our species apparently did 
not interbreed with contemporaries like 
the Neanderthals. It is a horrifying sce¬ 
nario: the hominids without language 
w r ould have seemed subhuman. 

Monogenesis is not an issue that is 
likely to go away. The question of the 
origin of language is of preeminent im¬ 
portance: the M story of language bears 
on the trading of goods, the migration 
of peoples and the evolution of ideas. 
Every r discovery—by comparative lin¬ 
guists of whatever school—pushes back 
The borders of what is considered the 
irrecoverable past. 
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SCIENCE and BUSINESS 


Love and Terror 

Is a chemical messenger 
key to treating Alzheimer's? 

O ne of the first stages of Alz¬ 
heimer’s disease is family de¬ 
nial. Acceptance comes slowly, 
restrained by good days that spring up 
between bad ones, pricked by mo¬ 
ments when victims not only remem¬ 
ber but are aware of not remembering. 
Relatives ask w r hy, as loved ones' per¬ 
sonalities deteriorate, then language 
and eventually all ability to care for 
oneself. Four million elderly Americans 
have been stricken already; the disease 
will claim 100,000 minds this year. 

Researchers found the first solid due 
connecting .Alzheimer’s disease and a 
biochemical disorder in 1976. They re¬ 
ported that levels of choline acetyl- 
transferase (CAT) can be as much as 90 
percent below normal in certain brain 
regions of Alzheimer’s patients. That 
enzyme enables the body to build ace¬ 
tylcholine, a neuro transmitter critical to 
memory'. Without CAT, acetylcholine 
levels (which cannot be reliably mea¬ 
sured at autopsy) should also fall. Lack 



They've got your 
number, gas antidotes, 
testing for integrity, 
retirement buy-outs 

of that substance in the cerebral cortex 
and hippocampus, the parts of the 
brain where memory' is thought to re¬ 
side, might explain the diminished 
mental ability that is the hallmark of 
Alzheimer’s disease. 

At least seven drugs based on this so- 
called cholinergic hypothesis are now 
in development. The substances are de¬ 
signed to protect acetylcholine from 
being broken down by enzymes, to 
cause the brain to produce more of it 
or to render what is there more potent. 

Other scientists liken the potential 
effects of such drugs to bailing out a 
boat without fixing the leak. Because 


the neurons responsible for making 
neurotransmitters become dysfunction¬ 
al as disease progresses, these work¬ 
ers hope to maintain and restore the 
cholinergic cells themselves. They are 
exploring treatments based on nerve 
growth factors and eventually hope to 
develop chemicals that mimic these 
naturally occurring proteins. 

The cholinergic hypothesis for Alz¬ 
heimer’s disease is simply that, asserts 
Peter Davies, one of the first scientists 
to notice the depressed CAT levels. 
Davies, a professor of pathology and 
neuroscience at Albert Einstein College 
of Medicine, maintains, “The fact is, 
other things go wrong. Other transmit¬ 
ters are lost.” Yet the effect on mem¬ 
ory of street drugs that interfere with 
acetylcholine is well known, he points 
out; “Given the fact that certain com¬ 
pounds produce an Alzheimer’s-like 
picture, it seems worthwhile to see how 
many symptoms one could restore by 
addressing this.” 

Some answers may come forth in 
March, when a Food and Drug Admin¬ 
istration committee begins reviewing 
clinical test results of a controversial 
Alzheimer’s drug called Cognex. The 
compound, tetrahydroaminoacridine, 
or tacrine, inhibits acetylcholinester¬ 
ase, an enzyme that degrades acetyl¬ 
choline. It was widely publicized in late 
1986 after publication of a 17-patient 
study by William K. Summers, an affili¬ 
ate of the University of California at 
Los Angeles, in the New England Jour¬ 
nal of Medicine. This past January the 
fda formally criticized the methods of 
that test. 

To quell public clamor for the experi¬ 
mental drug, the National Institute on 
Aging in 1987 asked Warner-Lambert 
in Morris Plains, N.J., to conduct a large 
double-blind clinical trial of tacrine. 
Later that year the fda participated in 
planning the study of 300 patients with 
mild to moderate-stage disease. 

The study was stopped initially be¬ 
cause of liver toxicity. But E. Peter Wolf, 
a spokesman for Warner-Lambert, says 
the problem appears to be dose related 
and is manage able. *"We think the drug 
is approvable,” he declares. 

Other acetylcholinesterase inhibitors 
are queuing up right behind Cognex. 
Hoechst-Roussel expects to seek ap¬ 
proval for an inhibitor called velnacrine 
maleate, or HP-029, in early 1992. “We 
are encouraged by what we’ve seen,” 
says Richard C Allen, group director 
for neurosciences at the Somerville, 



PATHOLOGIST PETER DA\TES was one of the first researchers to notice low en¬ 
zyme levels in the brains of Alzheimer's patients. That observation lead to the de¬ 
velopment of drugs now in clinical trials , Photo: Kent Hanson, 
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SCIENCE SCOPE 


A new hydrogen maser “atomic clock” combines a compact size suitable for space applications with 
the highest long-term stability ever reported for this type of device. Developed and built by Hughes 
Aircraft Company for the U.S. Navy, the fully automated frequency standard is about 10 times more 
stable than currently-used cesium beam devices. Atomic clocks use the resonance frequency of an 
atom to provide a precise measurement of time, but use of hydrogen maser clocks in space has been 
limited due to their butkiness. Other Hughes-built atomic clocks were developed for the Defense 
Department’s NAVSTAR Global Positioning System. 

An innovative computer program dramatically reduces the hours required to model the performance 

of new missile designs. Called Generic Missile Simulation (GEMS), the software, created by Hughes, 
cuts the evaluation time of new missile designs from six months to one to 20 days, depending on the 
complexity of the missile. The time saving is accomplished because GEMS contains a library of 
generic building blocks needed for missile system simulation. These building blocks are combined, 
or modified, as necessary to simulate a new missile design. In the past, each new design required its 
own, unique simulation software. 

A thermal imaging system that turns night into dav for crews of U.S. Navy SH-2F Light Airborne 
Multi-Purpose System (LAMPS) helicopters is aiding in the fight against drugs. LAMPS helicopters, 
equipped with the Hughes Aircraft Company’s AN/AAQ-16 Hughes Night Vision System (HNVS), 
have been participating in law enforcement operations in support of the Coast Guard Carribean 
Squadron, flying hundreds of vital law enforcement surveillance sorties, sighting and reporting many 
suspect surface vessels which otherwise would have gone undetected. HNVS has been installed on a 
variety of U.S. Army, Air Force and Navy helicopters, and a derivative of the system has been 
selected for the U.S. Tri-Service V-22 Osprey. 

The innovative deployment of a new sonar system provides an improved means of detecting, 
identifying, and tracking of ocean targets. The Surveillance Towed Array Sonar Segment 
(SURTASS), developed by Hughes for the U.S. Navy, allows antisubmarine warfare commanders 
to have capabilities never before possible for the collecting and processing of undersea acoustic 
data. The system consists of a long line of sonar arrays towed behind a noncombatant craft. Target 
data is transmitted through a satellite link to land-based centers where operators can review the 
data on a detailed display. 

Hughes Aircraft Company’s Ground Systems Group and new subsidiary Hughes Aircraft Company 
of Canada Ltd. are looking for ATC Specialists, Systems Engineers, Systems Engineers/Proposal 
Managers, and Air Traffic Controllers. We're applying our creative expertise and airspace 
management experience to many exciting international Air Traffic Control programs, including 
the Canadian Automated International Air Traffic System (CAATS) and Germany’s Karlsruhe 
Workstation Control (KATC); and there’s new business on the horizon. For immediate consideration, 
send resume to: Bill Campbell, Hughes Aircraft Company, Ground Systems Group, Dept. S3, P.O. 
Box 4275, Fullerton, CA 92634. Proof of U.S. citizenship may be required. Equal opportunity 
employer. 


For more information write lo: P.O. Box450B$, Los Angeles, CA &OQ4S-DOGS USA 
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NJ_ t drug company, “It's not holy wa¬ 
ter, but it does have an effect in some 
patients." The firm is now trying to de¬ 
termine which patients benefit and to 
quantify their responses* Similarly, For¬ 
est Laboratories, Inc., in New York City 
has an acetylcholinesterase inhibitor, 
called Synapton, in the final stage of 
clinical testing* It is a controlled-release 
form of physostigmine. 

Rather than trying to keep acetyl¬ 
choline levels up by preventing enzy¬ 
matic breakdown, others are trying to 
find drugs that cause the brain to pro¬ 
duce more of the substance. Du Pont's 
experimental drug, DuP 99b, stimulates 
release of acetylcholine, as well as two 
other important transmitters—dop¬ 
amine and serotonin. David S. Block, 


development marketing manager for 
central nervous system diseases, will 
release little else about the drug, which 
is in clinical testing at several sites* 
Block says ihe drug will be tried in all 
stages of the disease but is "more likely 
to work in earlier stages, when neurons 
are most intact." 

Hoechst too has a compound, dub¬ 
bed HP-749, which seems to amplify 
acetylcholine’s signal, so that even a re¬ 
duced chemical message is received by 
nerve cells. In animals, it acts on adren¬ 
ergic ceils that have been linked to de¬ 
pression and loss of secondary memo¬ 
ry when they deteriorate in humans* If 
the drug performs the same way when 
tests on Alzheimer’s patients begin 
this summer, Allen says “we’re hoping 


for a broad response in the patient 
population*” 

An alternative approach to stimulat¬ 
ing nerve impulses involves agonists— 
drugs that bind to receptors in place 
of other substances (such as acetyl¬ 
choline) and trick cells into respond¬ 
ing. Warner-Lambert has such a drug, 
called Cl 979, in preclinical trials. The 
trouble comes in trying to control the 
agonist’s signal that turns a cell on. 
Constant stimulation would hopelessly 
jam cell circuits. 

Inhibitors and agonists are some¬ 
times referred to as “software” ther¬ 
apeutics because they will work only 
as tong as the brain’s hardware is in¬ 
tact. Fixing these functional parts— 
rather than their products—is a goal 
some scientists believe will be achieved 
with nerve growth factors. “We are on 
the verge of manipulative possibilities 
where we can deal with structural 
events in the brain," says Franz F. Hef- 
ti, a neurobiologist at the University of 
Southern California. 

Studies in Hefti’s laboratory indi¬ 
cate that brain-derived neurotrophic 
factor strengthened the function of 
cholinergic neurons and other neurons 
that make dopamine, ihe transmitter 
lacking in Parkinson's disease. Other 
growth factors—including the most 
studied one known simply as nerve 
growth factor—also show stimulatory 
effects. 

So far research on nerve growth fac¬ 
tors is still at a very early stage* Al¬ 
though they have the potential to be 
highly beneficial, these potent sub¬ 
stances could also prove quite danger¬ 
ous. They could, for example, stimulate 
wild connections throughout the brain 
that might speed loss of mental abi lity 
or disturb nerve systems outside the 
brain. Nor will delivering nerve growth 
factors be easy. Because these proteins 
cannot pass the blood-brain barrier, 
they would have to be administered via 
an implant directly inlo the brain. 

Despite the drawbacks, biotechnolo¬ 
gy firms such as Gene ntech, Synergen 
and Chiron, as w r ell as pharmaceutical 
companies such as Syntex and Warner- 
Lambert, are investigating the proteins. 
Researchers are also screening natu¬ 
ral and man-made c lie mica Is for com¬ 
pounds that mimic growth factors but 
might be taken orally or by injection. 

“We need strong monitoring of Alz¬ 
heimer’s drugs,” declares Jean Marks, 
associate executive director of the New 
York City chapter of the Alzheimer’s 
Association. Both patients and caregiv¬ 
ers need the protection of a rigorous sci¬ 
entific process, Marks saysi “The pres¬ 
sure for an immediate fix comes out of 
love and terror." — Deborah Erickson 


A Plague of Plaques 

P athologists diagnose Alzheimer’s disease by looking for plaques of 
abnormal proteins choking a deceased patient's brain cells. To some 
researchers, these so-called amyloid deposits also loom as a potential 
root cause of the disease. That idea may have been strengthened by a re¬ 
cent report in Nature, which identified a specific abnormality in a gene for 
the amyloid protein. 

If the work of John A. Hardy and his colleagues at St. Mary’s Hospital Med¬ 
ical School in London stands up, “then it will unequivocally show that ab¬ 
normalities in amyloid processing can be the start of the disease," says Den¬ 
nis J. Selkoe, a neurologist at Harvard Medical School. Selkoe is also a con¬ 
sultant to Athena Neurosciences, Inc*, in South San Francisco, one of several 
companies attempting to prevent amyloid deposition in most patients. 

Hardy’s team has found a mutation of the amyloid precursor protein (APR) 
only in a few people with an inherited form of the disease. The mutation 
changes just a single amino acid in the long APR molecule, but that dif¬ 
ference seems to be unique to some Alzheimer’s patients. Most cases of 
Alzheimer’s disease do not yet seem to have a clear genetic cause. 

Hardy and his co-workers were studying a family in which the early onset 
of Alzheimer's disease was closely linked to the inheritance of the APP gene. 
"Almost immediately we found a mutation," Hardy explains. A second dis¬ 
ease-prone family had the mutation as well, although most such families 
that Hardy's group screened did not. The researchers also failed to find it in 
any of 1 00 normal individuals. “This suggests that the mutation might cause 
Alzheimer's, but it’s only a suggestion,” Hardy cautions. "If we find this muta¬ 
tion in anybody who is not at risk of getting Alzheimer’s, that’s disproof." 

Rudy E. Tanzi, a neurogeneticist at Massachusetts General Hospital, has 
conducted similar surveys seeking Hardy’s mutation in other patients with 
familial Alzheimer’s disease. So far he has not found it, but he and his col¬ 
leagues are continuing to look for it or any other genetic differences. 

No one yet fully understands how changes in amyloid processing could 
cause all the other biochemical and cognitive abnormalities of Alzheimer's. 
Enzymes called proteases routinely carve APP into shorter peptides. In Alz¬ 
heimer's patients, however, large amounts of APP are split in an atypical 
way, and small beta fragments are liberated. II is the beta fragments that 
aggregate into the senile plaques seen in the disease. 

If amyloid processing is really the key to Alzheimer’s, and if the release of 
beta proteins can be stopped, then it might be possible to thwart its devel¬ 
opment. Athena Neurosciences, working with Eli Lilly, and Cephalon, Inc,, 
collaborating with Sobering Plough, are both pursuing that strategy, among 
others. According to Frank Baldino, Jr,, president of Cephalon, his company 
has identified proteases that seem to cleave APR, and it is now developing 
molecules to inhibit them. —John Rennie 
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Call and Tell 

Dialing 1 -800 gives marketers 
a lot of personal information 


T he zip code tells the US. Postal 
Service where to deliver the mall, 
it also tells direct marketers 
what to deliver. Combining the zip 
code with census and other data pro¬ 
vides marketers with a rich vein of 
demographic information concerning 
your income, buying habits and socio- 
economic preference for squash in¬ 
stead of handball. 

If all this is not enough, the past dec¬ 
ade has given direct marketers anoth¬ 
er wedge into the collective psyche of 
American consumers: your telephone 
number. Combining the resources of 
massive computer data bases with the 
ability of an emerging “smart” tele¬ 
phone network to identify callers, the 
direct-marketing industry is using the 
telephone number to track down a per¬ 


son's name, address—and life-style. If 
your household is deemed <4 desirable" 
to a marketer—perhaps one of the 
“Pools & Patios” crowd, as one telemar¬ 
keter puts it—an 800 or 900 line ser¬ 
vice representative may know it before 
the call is answered. 

Target direct marketing is not new. A 
company that subscribes to an 800 or 
900 service can receive a monthly list¬ 
ing of the numbers of callers, which 
can then be matched with names and 
addresses using a reverse telephone di¬ 
rectory. Correlating that information 
with demographic data produces valu¬ 
able mailing or phone lists. (An 800 call 
is toll free, whereas the caller pays for 
dialing a 900 number. A caller interest¬ 
ed enough to pay a fee is more likely to 
buy a product, marketers reason.) 

To the consumer, all this means that 
products can be more closely matched 
to personal tastes, with the result that 
the junk mail might just contain some¬ 
thing worth buying. What's new is that 
information-age marketers have begun 


to acquire the technology to carry out 
this screening process instantly and 
without the caller's knowledge. 

Beginning this year, Telesphere Com¬ 
munications, Inc., an Qakbrook Ter¬ 
race, III., company with $550 million in 
annual sales, will offer a service to 900 
subscribers that can peg the location of 
an incoming call using an area code 
and the number’s three-digit prefix. 
Knowing where the call originates al¬ 
lows a salesperson to prepare a pitch. 
Later a reverse directory can be used to 
identify the caller, and a data base can 
determine which of 40 demographic 
“clusters" fits that person. In the near 
future, these services may be provided 
while the caller is still on the line. 

Telesphere gets its demographic in¬ 
formation from PRIZM, a data base 
owned by Claritas Corporation in Alex¬ 
andria, Va, PRIZM can pinpoint a neigh¬ 
borhood for virtually everyone in the 
U.S. using census and other public de¬ 
mographic information, “It works on 
the theory' that birds of a feather flock 


Is Morse Code Signing off? 


D it Dit Dit. Dah Dah Dah. Dit Dit Dit. Help! Is SOS 
about to become 1010011 1001111 101001171s 
Morse code, that hand-me-down from the days of 
telegraphy, destined to become just a binary blob? 

That question might well be put to the Federal Commu¬ 
nications Commission, which, as of February 14, allowed 
a new type of ham radio license that does not require 
a Morse code test. (A code requirement still exists for 
licenses that permit shortwave transmissions, that is, 
those below 30 megahertz, which are used for around- 
the-world communications.) 

The advent of the code-free Technician Gass may have 
inspired some purists to key out “What hath Cod 
wrought!"—the message that Samuel F. B. Morse tapped 
out on the world’s first telegraph link from the Capitol 
Building in Washington, D.C, to Baltimore in May ofl844. 

A code-free license had been resisted by the nation’s 
half a million hams for years, in part because it might de¬ 
stroy the fraternitylike quality of owning a license. The 
Morse code test was also viewed as a measure of commit¬ 
ment to the numerous rules of operation of amateur 
radio—it can take weeks of 
study before an examinee is ca¬ 
pable of sending the minimum 
of five words a minute. 

The last time the fcc asked 
for public comment about es¬ 
tablishing a new class of license, 
in 1983, the agency ended up 
dropping the proposal after it 
was opposed 25 to 1. “There 
has been a concern that ama¬ 
teur traditions might be sac¬ 
rificed ,** says David Sumner, ex¬ 
ecutive vice president of the 


American Radio Relay League (arrl), the nation's largest 
ham organization, with 160,000 members. 

It was the arrl, among others, that proposed the pre¬ 
sent change in 1989, largely because the growing popu¬ 
larity of computer communications equipment is rapidly 
turning the amateur-radio bands into a network of wire¬ 
less electronic mail. Tens of thousands of new users of 
what is called packet radio are transmitting computer 
data each year via the airwaves. The radio spectrum has 
also become more crowded. ,l There was a fear that un¬ 
less we demonstrated greater receptivity to newcomers, 
some of our frequencies would be reallocated for com¬ 
mercial use/ Sumner says. 

Packet-radio devotees, called packeteers, can now sign 
on using the new license. And by sending a computer 
message through one of the amateur-owned satellites, 
they can communicate worldwide without violating the 
restriction on using shortwave frequencies. Amateurs 
have also installed 10,000 radio-repeater stations 
throughout the U.S. that allow a very high frequency 
transmission to hop from one repeater to another. 

Morse code—which was actu¬ 
ally devised by Morse's associate 
Alfred L. Vail—will still be used 
on the shortwave bands to get a 
message through when voice 
transmission would be unintelli¬ 
gible. Then there is the sheer 
pleasure that hams derive from 
communicating with their key 
sets. Sumner likens it to sailing. 
"People just get more satisfac¬ 
tion hoisting a sail rather than 
puttering around with the motor 
turned on," he says. —Gary Stix 





MORSE'S FIRST telegraph key . Source: The 
Granger Collection . 
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together," says Harvey B* Uelk, a Tele¬ 
sphere sales director. 

So tf you are lucky, the pitchman will 
know it you fall in the fifth duster in 
the data base: “Furs & Station Wagons.” 
This group is described as “ 'new mon¬ 
ey' living in expensive new neighbor¬ 
hoods,.*. They are winners—big pro¬ 
ducers, and big spenders." A not so for¬ 
tunate caller might be lumped into the 
“Emergent Minorities" duster. These 
people, says a promotional report, are 
“almost 80 percent black, the remain¬ 
der largely composed of Hispanics and 
other foreign-bom minorities*.,. Emer¬ 
gent Minorities shows...below-average 
levels of education and [below-averagel 
white-collar employment. The struggle 
for emergence from poverty is still evi¬ 
dent in these neighborhoods.” 

The risk that a household, through 
clustering, might become the telemar¬ 
keting equivalent of a bad credit risk 
has not escaped the notice of the Amer¬ 
ican Civil Liberties Union and other 
public interest groups who fear that 
minorities might be excluded from 
mortgage and credit opportunities or a 
gay neighborhood may be blacklisted 
by an insurance advertising campaign. 
A telemarketer might display different 
sales pitches on a service represent a- 
five’s computer screen, depending on 
whether the incoming caller hails from 
the “Money & Brains” or the “Coalburg 
& Corn town" cluster. 

Marc Rotenbcrg of Computer Profes¬ 
sionals for Social Responsibility likens 
calling an 800 or 900 number to walk¬ 
ing into a store. “A person should have 
a right to enter a store without disclos¬ 
ing creditworthiness, residence or an¬ 
nual income," Rotenberg asserts. Lob 
hying by privacy groups has focused so 
far on supporting national legislation 
that would, in effect, allow a caller to 
keep his wallet in his back pocket until 
he decides to make a purchase. 

The law would give the caller the op¬ 
tion of blocking a number from being 
displayed immediately by a receiving 
party. This would be done by pressing 
“*-6-7," or a similar combination of 
numbers, before making a call. (Mar¬ 
keters could still get callers' 800 or 900 
numbers with their statements each 
month, however.) Although the law 
failed to pass Congress last year, it is 
scheduled to be reintroduced this year. 

Individual states are not necessarily 
waiting for Congress. A Pennsylvania 
court has banned “Caller ID" service—a 
decision that is on appeal—and a num¬ 
ber of state public utility commissions 
have ordered that blocking be offered 
free of charge. For the moment, states’ 
actions may not affect most telemar¬ 
keters, whose 800 and 000 calls are 


usually routed over the long-distance 
phone network and displayed to a 
clerk using a service called automatic 
number identification. 

Support for blocking has come not 
just from privacy advocates but from 
the White House's Office of Consumer 
Affairs, Four of the seven regional Bell 
companies and the Direct Marketing 
Association in New ? York City, As with 
junk mail, the direct-marketing indus¬ 
try acknowledges that the consumer 
should have the right to choose not to 
receive unsolicited information. 

On the opposite end of the line, a 
number of telephone companies con¬ 
tend that caller identification services 
are a dear boon to subscribers. Bell At¬ 
lantic, an ardent opponent of call block¬ 
ing, has compiled a list of subscribers 
who have used the Caller ID service to 
stop obscene phone calls or fake pizza 
orders and to track down burglars. 

For their part, some direct marketers 
assert that fears of misappropriation of 
personal information are greatly exag¬ 
gerated: they are interested in patterns 
of group behavior, not the personal 
preferences of the individual, “We try 
to identify market segments that are 
most likely to respond to a particular 
marketer’s products or services,” ex¬ 
plains Philip H. BoneUo, director of cor¬ 
porate planning for Metromail, a Lom¬ 
bard, Ill., firm that owns a data base of 
86 million households that supplies 
die direct-marketing industry. 

But the public is dearly concerned 
about electronic privacy. In January Lo¬ 
tus Development Corporation, a Cam¬ 
bridge, Mass., software company, and 
Equifax, inc., an Atlanta-based credit 
bureau, withdrew plans to market Lo¬ 
tus Marketplace on compact discs af¬ 
ter some 30,000 people asked that 
their names be removed from l he tiles. 
This data base contains demograph¬ 
ic information on about 130 million 
individuals. 

The public debate over privacy could 
grow still more heated if telephone 
companies try to markel their internal 
data bases of information about res¬ 
idential customers. Limited attempts 
to do so have sometimes met wilh re¬ 
sistance. Recently New England Tele¬ 
phone and New York Telephone drop¬ 
ped a service offering residential and 
business directory listings when hun¬ 
dreds of thousands of customers asked 
that their names be taken off the lists. 

Legislation may help stem abuses. 
A public outcry may force companies 
to lay low. But the irresistible Jure of 
knowing name, phone number and life¬ 
style means that computerized tele¬ 
marketing is here to stay. Caveat salu- 
tatar: let the caller beware. —Cary Stix 


Gas Vaccine 

Bioengineered immunization 
could shield against nerve gas 


A year ago the Defense Logistics 
Agency, an arm of the Depart- 
L ment of Defense, had to fight to 
keep a budget item for a $2.5-miltion 
contract with Abbott Laboratories in 
Chicago to maintain its sole supply of 
atropine, a nerve gas antidote. Times 
have changed. Since last August the 
U.S. Army has ordered more than a bil¬ 
lion atropine injectors at a total cost of 
£4.3 million and has had to look for 
additional suppliers. 

Even when fully stockpiled, however, 
existing treatments for nerve toxins, 
organophosphorous compounds that 
pose the largest chemical battle and 
terrorist threat, arc awkward to use 
and often produce side effects. So the 
army has also speeded up research ef¬ 
forts to make a genetically engineered 
immunization against nerve agents. If 
it works, the injection would free sol¬ 
diers from debilitating garb that now 
limits movement and breathing, and it 
could reduce the efficacy of chemical 
weapons. The "gas vaccine" will not be 
available for years. But the renewed 
threat from chemical warfare will like¬ 
ly persist long after the conflict in the 
Persian Gulf ends. 

For now, though, soldiers in the Gulf 
will continue to carry their “Mark I" 
kits with six autoinjectors—three with 
two milligrams of atropine citrate and 
three with 600 milligrams of praLidox- 
ime chloride. The first compound binds 
with a nerve agent, preventing it from 
attaching to acetylcholinesterase, an 
enzyme that controls the transmission 
of nerve impulses. 

The second drug frees enzyme mol¬ 
ecules that have already been bound by 
the toxin. Other elements of the bat¬ 
tlefield pharmacopoeia are an anticon¬ 
vulsant that is a close relative of Vali¬ 
um and pretreatmenT tablets of a drug 
for myasthenia gravis, a disease that 
causes neuromuscular weakness. 

Army officials say that these kits 
adequately protect U.S. troops. Still, 
current antidotes require that soldiers 
stop in the heat of battle after rec¬ 
ognizing the symptoms of a nerve 
agent. They must administer the anti¬ 
dote within two minutes or else risk 
absorbing a lethal dose. The protective 
drugs may also slightly impair fine mo¬ 
tor skills, affecting split-second judg¬ 
ment needed in combat. 

Although researchers have tried to 
devise better means of delivery, such 
as time-release drugs, dermal patches 
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and topical ointments, what is really 
needed is a way to eliminate antidotes 
altogether. This protection “would be 
head and shoulders above what's avail¬ 
able now," says Lt. Col. Richard P. 
Solana, chief of pharmacology at the 
U.S, Army Medical Research Institute of 
Chemical Defense at Aberdeen Proving 
Ground, Md. 

The simplest solution would be to in¬ 
ject extra acetylcholinesterase or bu- 
tyrylcholinesterase, a related enzyme, 
to bind to a toxin. Last September Bio- 
Technology General Corporation in 
New York City received a three-year 
contract from the Army Medical Com¬ 
mand to engineer acetylcholinesterase 
genetically. One drawback: the enzyme 
is a large molecule that would require 
massive injections to be effective. 

A better approach would be a genet¬ 
ically engineered vaccine that would 
circulate continuously in the blood¬ 
stream, waiting to "scavenge" a nerve 
toxin before it reached acetylcholines¬ 
terase. Developing a gene-spliced anti¬ 
body that can be injected in reason¬ 
able doses is part of a program super¬ 
vised by Solana at Aberdeen Proving 
Ground. 

Although the army declined to sup¬ 
ply specific information about its work, 


researchers there are looking for a 
long-lived antibody that also demon¬ 
strates reverse-binding properties, the 
ability to neutralize one molecule of 
toxin before moving onto the next. The 
ultimate goal, which is years away, 
would be to produce copies of the 
receptor on acetylcholinesterase that 
binds to nerve toxins. 

While this work continues, the army's 
Chemical Research Development and 
Engineering Center at the Edgewood 
area of Aberdeen Proving Ground— 
along with a number of universities— 
is trying to create better field detec¬ 
tors that would sense the most minute 
presence of noxious chemicals, giving 
troops more time to don protective 
gear. Hand held detectors and chemi¬ 
cally sensitive paper attached to gar¬ 
ments can sense the presence only of 
known nerve agents. 

James J. Valdes, a neuropharma¬ 
cologist at the center, heads a mul- 
timillion-dollar, decade-long research 
program to use bioengineering meth¬ 
ods that would detect virtually any 
chemical or biological toxin, including 
any that an adversary may have newly 
concocted. 

Most work involves placing a human 
enzyme on a gel base in contact with 
an electronic transducer. 
When a toxin binds to the 
enzyme, it produces a 
change in the enzyme’s 
capacitance that can be 
detected by the transduc¬ 
er. Prototypes that can de¬ 
tect femtomolar concen¬ 
trations of toxins within 
seconds have been assem¬ 
bled, but volume produc¬ 
tion of biosensors for 
field usage is still five to 
eight years aw f ay because 
of the trouble in creat¬ 
ing synthetic enzymes ca¬ 
pable of staying stable for 
a prolonged period. Bet¬ 
ter transducers that can 
survive the abuse of the 
battlefield must also be 
devised. 

Despite the difficulties, 
experts at Aberdeen on 
this most inhumane form 
of warfare remain opti¬ 
mistic. “The army laughed 
in 1985 when w t c started 
this work," Valdes says. 
"They told us the only 
biosensor we'd ever have 
would be 100 dead sol¬ 
diers and a medic to ex¬ 
amine them. Now practi¬ 
cal hardware is a real pos¬ 
sibility." —Mark Fischetti 


Mind Reader 

Do personality tests 
pick out bad apples? 


F or years, employers have given 
job applicants paper-and pencil 
tests to assess basic skills such 
as reading and arithmetic. These days, 
candidates may be confronted with a 
different type of exam as well: a per¬ 
sonality test that asks about their atti¬ 
tudes toward a variety of situations. 
Answers are often run through a com¬ 
puter to produce a profile that rates 
the applicant on scales, or “personality 
constructs," as they are called in the 
jargon of the trade, with names like 
“gregarious" and “tough-minded," 

But widespread screening worries 
some psychologists and personality re¬ 
searchers. The tests, marketed in the 
U.S. by such companies as the Institute 
for Personality' and Ability Testing in 
Champaign, 111., Consulting Psycholo¬ 
gists Press in Palo Alto, Calif., and the 
Psychological Corporation in San Amo- 
nio, Tex., are being used by employers 
to exclude those not suited for sensi¬ 
tive jobs, in police departments and 
nuclear power plants, for example. 
They are also a means of selecting can¬ 
didates with desirable traits, such as 
extroversion, for marketing positions. 

Rodney L 1 owman, a psychologist at 
Duke University Medical Center and au¬ 
thor of a book about testing, offers 
some words of caution: “There is far 
more practice than there is research lit¬ 
erature to support the proactive use of 
these tests." Lowman believes that 
"mistakes are being made by screening 
services that may be overly aggressive 
at weeding people out.” And the desir¬ 
able characteristics used for screening 
applicants “often read like a Boy Scout 
list of virtues, and the specific job rele¬ 
vancy has yet to be demonstrated* 
Lowman points out that one commonly 
used test—the Minnesota Multiphasic 
Personality Inventory, published by the 
University of Minnesota Press—was de¬ 
signed for clinical patients rather than 
job applicants. 

In addition, few commercial per¬ 
sonality' tests have been validated in 
published studies. The confirming stud¬ 
ies that have appeared, charge Steve 
Blinkhorn and Charles Johnson, indus¬ 
trial psychologists at Psychometric Re¬ 
search and Development Ltd. in Eng¬ 
land, are so full of statistical errors 
that it is doubtful whether most of the 
constructs predict anything. The two 
hred a broadside at preemployment 
personality testing in the December 
20-27, 1990, issue of Nature, where 



NERVE GAS ANTIDOTES are carried by soldiers in 
the Persian Gulf. Source: Tannenbaum/Sygma . 
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Are You Honest? 

Some Questions Asked on Preemployment Integrity Tests 

• How often do you tell the truth? 

• How often do you make your bed? 

• Do you think you are too honest to take something that is not yours? 

• True or false: I like to create excitement. 

• How much do you dislike doing what someone tells you to do? 

• Do you feel guilty when you do something you should not do? 

• True or false: A lot of times I went against my parents' wishes. 

• Do you believe that taking paper or pens without permission from a 

place where you work is stealing? 

• What percentage of the people you know are so honest they wouldn’t 

steal at all? 

• How often do you blush? 

• How many people have cheated on their income tax returns? 

• How easy is it to get away with stealing? 

• On the average, how often during the week do you go to parties? 

SOURCE: Office of Technology Assessment 


they accused psychologists of adopting 
“an approach to correlation that would 
have left its inventor Karl Pearson 
gasping.” 

Usually, the British critics suggest, 
developers of tests have identified ap¬ 
parently significant associations by sift¬ 
ing through thousands of combina¬ 
tions of response patterns and job per¬ 
formance measures. But such trawls 
throw up spurious correlations by blind 
chance, a complication that test mar¬ 
keters tend to overlook. Nor have the 
test services often checked their claimed 
correlations against new data. Blink- 
horn and Johnson found that for three 
well-known commercial tests, most of 
the supposed correlations between 
scores and job performance were likely 
to be the result of pure chance. 

Other critics are concerned about 
tests that purport to measure honesty 
or integrity, which have become in¬ 
creasingly popular since polygraph 
testing by businesses was banned in 
1988. More than five million people in 
the U.S. take honesty tests each year, 
according to one estimate. These tests 
attempt to flag job candidates who are 
likely to steal property or company 
time by asking about their past behav¬ 
ior and their attitudes to various types 
of theft. 

Despite the obvious possibilities for 
cheating, some sellers claim the tests 
can predict subsequent inventory dis¬ 
appearances or detect previous crimi¬ 
nal behavior. But validating such tests 
is difficult because employee-thieves 
are seldom caught. In addition, pub¬ 
lishers of honesty tests “intentionally 
err on the side of lenience” to avoid 
making false accusations, contends 
Richard E. Clingenpeel, who runs Per¬ 


sonnel Selection International, a job 
agency in Milford, Mich. 

According to a draft report on hon¬ 
esty tests by the American Psychologi¬ 
cal Association, “a few firms have made 
public a number of reports of studies 
having to do with the reliability and va¬ 
lidity of their instruments, but most 
firms have produced nothing of this 
sort.” The congressional Office of Tech¬ 
nology Assessment concluded recently 
that published validations of integrity 
tests are flawed and inadequate. 

Still, basic personality tests have 
their proponents, who argue that they 
can be a useful screening tool. “I agree 
there’s plenty of very bad research us¬ 
ing personality tests, but I wouldn’t 
characterize the whole field that way,” 
says Paul R. Sackett, a psychologist at 
the University of Minnesota. 

Since the mid-1980s a consensus has 
emerged that there are five or six ro¬ 
bust personality dimensions out of the 
many more that have been proposed. 
Michael K. Mount, an organizational 
psychologist at the University of Iowa, 
groups personality constructs into one 
or other of what he calls the Big Five 
categories (extroversion, emotional sta¬ 
bility, agreeableness, conscientiousness 
and openness to experience). 

Mount and some other psychologists 
say they are finding modest correla¬ 
tions between such personality traits 
and job performance. Using the emerg¬ 
ing technique of meta-analysis, which 
rigorously compares data collected in 
different studies, Mount and his col¬ 
league Murray R. Barrick surveyed 117 
studies of personality traits and job 
performance for a paper that will be 
published shortly in Personnel Psychol¬ 
ogy. “In a nutshell, most personality 


indicators were not good predictors,” 
Mount says. One measure, conscien¬ 
tiousness, did show a persistent corre¬ 
lation with job performance. But the 
correlation is about half as strong as 
that achieved by mental ability tests. 

The U.S. Army has for some years 
been conducting an exercise, known 
cryptically as Project A, to develop 
personality tests. Long-term validation 
studies with large numbers of subjects 
are under way. Leaetta M. Hough of the 
Personnel Decisions Research Institute 
in Minneapolis, the principal contractor 
for Project A, has also used meta-anal- 
ysis to show that some aggregated per¬ 
sonality constructs may predict some¬ 
thing about job performance. One of 
these, called dependability, is similar to 
Mount’s conscientiousness construct. 

Ivan Robertson, a psychologist at the 
University of Manchester in England, 
agrees that meta-analysis shows that 
“there’s a definite effect of person¬ 
ality—but it’s small.” Properly con¬ 
structed personality tests seem to give 
unique information that could be use¬ 
ful to employers if used with other 
forms of screening, Robertson says. 

So will meta-analysis bring validated 
personality tests that are the answer to 
a corporate recruiter’s prayer? Blink- 
horn doubts it because of the difficulty 
in training testers. Moreover, he points 
out that if Hough’s results are typical, a 
test would have to be used very strin¬ 
gently to hire noticeably better work¬ 
ers. If only the best-scoring 10 percent 
of candidates were hired, the propor¬ 
tion of above-average workers in a 
group would rise from 50 percent to 
only 59 percent, and many good work¬ 
ers would be wTongly rejected. 

The suspicion that personality tests 
unjustly reject some applicants is prob¬ 
ably why they are unpopular, admits 
Scott Martin, a psychologist at London 
House, a test publisher in Park Ridge, 
Ill. “Once you make it objective, it gives 
people something to criticize.” But Mar¬ 
tin argues that even a poor test will er¬ 
roneously turn away fewer good candi¬ 
dates than selecting at random. 

Martin’s argument may be irrelevant 
in the real world. Although some pre¬ 
employment test publishers say their 
tests should accompany other forms 
of assessment, such as an interview, in 
practice personality and honesty tests 
are often used instead of other forms 
of assessment. So they could be a step 
backward. Lou Maltby of the American 
Civil Liberties Union fears that tests may 
create an unemployable group who 
“test dishonest” or otherwise prove un¬ 
suitable. If Maltby is right, pseudopsy¬ 
chology will hurt employers as well as 
employees. — Tim Beardsley 
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THE ANALYTICAL ECONOMIST 

Golden handshakes, golden handcuffs 


W hen times get bad, employers 
often cut costs by offering 
early retirement. Losing older, 
more highly paid workers saves money 
regardless of whether job cuts are per¬ 
manent or whether younger, lower-paid 
replacements are eventually hired. Al¬ 
though economists typically discount 
the notion that grizzled veterans may 
offer such unquantillable extras as cor¬ 
porate memory, such retirement plans 
have implications beyond short-term 
cost cutting. 

Early-retirement incentives bring into 
sharp focus the economic underpin¬ 
nings of the so-called social contract 
between employer and employee. Now 
that mandatory retirement has been 
largely abolished in the U.S., all retire¬ 
ment is “early. 11 The experience em¬ 
ployers have had with early retirement 
thus far may presage the behavior of a 
generation of employees now reaching 
middle age with the knowledge that no 
set date delimits their working life. 

According to labor economists, com¬ 
panies traditionally overpay older em¬ 
ployees and underpay younger ones in 
the same job. Some see this compensa¬ 
tion scheme as a form of worker disci¬ 
pline: anyone who is fired at an early 
age will miss out on well-paid dotage. 
Others count the overpayment of older 
employees as deferred wages. And a 
third camp considers taking care of old¬ 
er employees a part of the cost firms 
must pay for high-quality workers. 

This implicit social contract has been 
formalized at least in part. Laws forbid 
discrimination against older workers, 
and many contracts protect them from 
layoffs. James L. Medoff of Harvard 
University and Katharine G. Abraham of 
the University of Maryland have found 
that in more than 80 percent of firms, 
older workers either are never laid off 
before younger ones or are laid off first 
only if a younger worker is considered 
significantly more valuable. 

Nevertheless, companies may feel 
compelled to break this soda! contract, 
particularly during a recession. Any 
company that can shape its work¬ 
force—without either breaking the law 
or destroying employee morale—into 
one with a larger than average propor¬ 
tion of younger, lower-paid workers 
will tend to be more profitable. Not 
only will overall wages be lower, but 
jobs may get done better as well. Med¬ 
off and Abraham found that workers 
who have been doing the same job for 
many years may be less productive 


than newcomers. Long tenure in the 
same position, Medoff says, implies 
that an employee has been consistently 
passed over for advancement. 

Offering older workers incentives to 
retire early is one way to slip out of the 
social contract. Essentially the company 
splits the benefits of having a young¬ 
er workforce with those older employ¬ 
ees who step aside to make way. The 
buy-out could be an extra year's pay, 
spread over two years, special pension 
benefits—such as IBM's recent waiver 
of a minimum age for full pension—or 
even a lump-sum settlement. 

But early-retirement offers can back¬ 
fire. Sometimes not enough people 
leave; sometimes, too many. In 1984 
New York State found itself hiring 
nearly 4,000 people to replace those 
who jumped ship. .And in 1985 Du 
Pont found itself severely short-staffed 
when 11,500 employees, instead of the 
5,000 expected, accepted its generous 
retirement terms. “There's an awful lot 
of crapshooting going on out there, 
says Olivia S. Mitchell, a labor econo¬ 
mist at Cornell University. 

Even when the numbers are right, re¬ 
tirement incentives can still have a per¬ 
verse effect: the best performers leave, 
and the worst ones stay. This makes 
perfect economic sense, Mitchell says: 
talented workers can find comparable 
jobs somewhere else and still collect a 
pension. Mediocre people are less likely 
to succeed at double-dipping. 

To protect themselves from such de¬ 
fections, some employers insert a “bus¬ 
iness need” clause in the early-retire¬ 
ment offer that permits them to veto 
the departure of vital employees. But 
invoking that clause may lead to litiga¬ 


tion. Others tilt the value of the buy¬ 
out: Stanford University, for example, 
has an early-retirement incentive de¬ 
signed so that those valued least by 
their departments get the most when 
they leave. Yet there are no good data 
on whether such targeted incentives 
achieve their purpose, says Albert Rees 
of Princeton University, who special¬ 
izes in academic retirement. 

it is consequently unclear how such 
incentives might Function if firms have 
to buy out almost all older workers. In¬ 
deed, it is unclear how the social con¬ 
tract of employment itself might be 
modified if there is no predictable end 
to the period over which older workers 
may be overpaid. Legal issues aside, 
wholesale abandonment of the old pat¬ 
terns could leave workers feeling be¬ 
trayed and with little financial incen¬ 
tive for corporate loyalty. 

Partial retirement offers one possible 
out. .Alan L, Gustman of Dartmouth 
College observes that about a third of 
all workers currently ease out of the 
workforce by retiring from their prima¬ 
ry job and then finding a less demand¬ 
ing job elsewhere. Fast food and ho¬ 
tel chains are among those who have 
found it advantageous to hire older 
workers on a part-time basis. Gustman 
suggests that even more people would 
take this option if most companies did 
not still insist that employees work 
nearly full time or not at alL 
Partial retirement could offer a work¬ 
able employment alternative for older 
workers willing to accept less pay for 
less work. But what about those rela¬ 
tively overpaid employees who want to 
keep on working full time? The good 
news is that there may not be many. 
“There just aren't that many people 
who want to work past 70,” Gustman 
comments. Thus far the social contract 
seems to be holding up, 

—Paul Wdllich and Elizabeth Corcoran 
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MATHEMATICAL 

RECREATIONS 

Why Tarzan and Jane can walk in step 
with the animals that roam the jungle 



by lan Stewart 


T arzan leaped into the air, kicked 
both legs out in front and fell 
abruptly on his derriere, Jane 
watched from the tree house as he 
repeated the maneuver 20 times. She 
began to doubt whether her muscle- 
bound companion had any brains at all. 
She had spent months trying to teach 
him basic science and English, but he 
had resisted any ideas that were con¬ 
trary to the laws of the jungle. Grab¬ 
bing a nearby vine, she swung down 
to find out why he was monkeying 
around. 

“Good Morning, my radiant angel," 
cheered the ape-man, 

She was glad to note that his vocabu¬ 
lary was improving. “Were you jump¬ 
ing around for some reason, or were 
you just massaging your buttocks?" 

“1 was testing Curie’s principle ” 

It was a novel excuse, she thought. 
“And I think it doesn't work." 

Jane took his hand. “Let's go some¬ 
where cool and quiet, and you can tell 
me all about it.” 

Under a shady tree at the end of a 
field, Jarzan began to explain. “1 re¬ 
cently read that the human body is bi¬ 
laterally symmetric. Which means that 
it looks pretty much the same when 
reflected in the surface of a stUl pond 
or some other mirror. Right ? ” 

Jane nodded in agreement. 

"Then l came across a fundamental 
principle proposed by the physicist Pi¬ 
erre Curie. He claimed that symmetric 
causes produce equally symmetric ef¬ 
fects. So it seemed to me that if I’m 
a bilaterally symmetric man, 1 should 
walk in a bilaterally symmetric way. To 
accomplish this, 1 must kick both legs 
forward at the same time.” 

Tarzan demonstrated rhe motion for 
Jane one more time, f alling on a sharp 
stick, he cried out, “Aayiyiyaah!" 
“You’ve missed the point," Jane said. 
“No, 1 haven't” Tarzan countered, 


pointing to the sizable mark on his leg. 

"I mean you misinterpreted Curie’s 
principle. First of all, if you want a bi¬ 
laterally symmetric gait, you can hop 
like a kangaroo.” She held her hands 
near her chest and leaped several times 
with her feet together. Tarzan watched 
the spectacle, fascinated. Finally, he 
mustered enough courage to ask what 
a gait was. 

“It's a pattern of limb movement 
used for locomotion," Jane explained. 
“Animals use ah kinds of different gaits 
to get around. Humans walk, horses 
gallop. Gazelles even pronk, that is, 
they hop on all four legs." 

"Hopping is all very well,” said Tar¬ 
zan, “but all it shows is that a symmet¬ 
ric gait is possible. My reading of Cu¬ 
rie's principle is that all human gaits— 
in fact, all gaits of bilaterally symmetric 
animals—ought to he bilaterally sym¬ 
metric.” He paced though!fully up and 
down the clearing. “But most of them 
aren't.” 

Jane watched, trying to imagine what 
his walk would look like in a mirror. “It 
almost is. When you reflect a walking 
gait, it still looks like a walking gait.” 
She paused. “It has to, really, otherwise 
people walking would look funny in a 
mirror. Although 1 suppose that's not 
conclusive.” 

“The difference" commented Tar¬ 
zan, “is that when 1 put my right foot 
forward, my mirror image puts its left 
foot forward, Now f , on my next step, l 
do put my left foot forward, but by 
then my mirror image is putting its 
right foot forward. We're always out of 
step with each other,” 

“Out of phase, not step,” Jane cor¬ 
rected. “That's why everything looks 
all right In a mirror. Tf you delay lime 
by the amount required to take one 
step, then the mirror walk looks exact¬ 
ly the same as the original." 

“Phase?” 


“Walking—like all gaits—is a periodic 
motion. It repeats at regular intervals 
of time. If you have two copies of the 
same periodic motion and one is time- 
delayed relative to the other, then the 
fraction of the period representing the 
delay is called the relative phase. Your 
left leg is out of phase with your right 
leg by exactly half a period, that is, a 
relative phase of 0,5, 

“Which is very r interesting," she con¬ 
tinued, "because it shows that gaits 
have symmetries in time as well as 
space. After all, a symmetry is just a 
transformation that leaves the system 
looking the same afterward as it was 
before. Periodicity itself is a time sym¬ 
metry. If you shift time by one period, 
everything looks the same. The human 
walk has a mixed spatio temporal sym¬ 
metry: reflect left to rig hi and shift 
phase by 0,5, Isn't that grand?" 

“When you were hopping, the rela¬ 
tive phase was zero?" asked Tarzan 
tentatively. 

“Right, You've got it,” 

The ape-man jumped to his feet, per¬ 
formed a curious dance and crashed to 
the ground, “i was trying to get a rel¬ 
ative phase of 0,3," he explained." AU I 
need to do is make my left foot lag be¬ 
hind my right by 0.3 of a period." 

“I’m not sure you can," Jane asserted, 
“because it isn't a true symmetry. You 
see, if everything looks the same after 
swapping left and right and shifting 
phase by 0.3, then not only must your 
left leg be 0.3 out of phase with your 
right, but your right must also be 0.3 
out of phase with your left. So the right 
leg is 0.3 + 0.3—or 0.6 out of phase 
with itself, which is kind of silly,” 
“Dangerous, too,” Tarzan added, rue¬ 
fully rubbing his sore leg. 

“Hey! There's a theorem in all this!" 
exclaimed Jane. “If left-right reflection 
combines with a phase shift to yield a 
symmetry, the phase shift must be ei¬ 
ther 0 or 0.5. Nothing else is possible," 
“Why?” 

“ Because the same argument applies, 
if each leg is delayed relative to the 
other by some phase, then each leg is 
delayed relative to itself by twice that 
phase. Now, it is possible for a leg to be 
delayed relative to itself—but only by 
an integer multiple of the period, be¬ 
cause that 's effectively the same as no 
delay at all, So twice the phase shift is 
0, 1, 2, 3 and so on, which implies that 
the phase shift is 0, 0.5, 1, 1.5 and so 
on. But 1 has the same effect as 0, and 
1.5 has the same effect as 0.5, because 
of periodicity. 

“Which means,” she went on, “that 
the gaits of two-legged animals can 
have only those two symmetries. Apart 
from no symmetry at all. I wonder if 
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that can actually " Tarzan limped to¬ 
ward her, dragging one leg. “That's 
it, exactly! You do catch on quickly, 
Tarzan." 

"What I don't understand, jane, is 
why Curie's principle doesn't work. 
Why are gaits less symmetric than 
the whole animal? Why don't all ani¬ 
mals hop on all fours like a pronking 
gazelle?" 

just then an elephant ambled 
through the glade, trumpeting a greet¬ 
ing to his human friends, "Mind you,” 
Tarzan continued, “I don't think nature 
would ever allow a pronking elephant 
to evolve." 

"Perhaps not. But Curie's principle 
really fails because of symmetry break¬ 
ing," Jane said. 

“What's symmetry breaking?" 

“It happens when a symmetric sys¬ 
tem behaves in a less symmetric way. 
But the important point to understand 
is that Curie's principle can fail. Let me 
show you how. Where's Jim?" 

Young Jim Fanzee was usually hang¬ 
ing around near the hut—most often 
trying to steal bananas, jane caught the 
precocious primate with ease. She then 
tied a knot at the end of a vine and en¬ 
couraged Jim to ding to it by offering 
him a large, ripe banana, 

"Observe that when Jim sits still and 
the vine hangs vertically downward,” 
jane pointed out proudly, “the entire 
system has circular symmetry, 1 ' Tarzan 
looked baffled. "1 mean, if you w r alk 
around it, it looks pretty much the 
same from all directions," Tarzan in¬ 
spected Jim's face, then walked around 
to the far side. He looked more puz¬ 
zled than ever. “You have to pretend 
Jim is a featureless lump, Tarzan." The 
ape-man nodded happily. 

“Now suppose 1 grab the vine where 
it’s draped over tills branch and pull 
it up and down. The important part 
of the system, the bit of vine hanging 


from the branch with Jim attached, is 
still circularly symmetric, even though 
it bobs up and down. But look what 
happens." As Jane pumped the vine, 
Jim began to swing in an arc, short at 
first, then longer and longer. The chimp 
squealed in delight, waved his arms 
and fell off, ending the experiment, 

“1 saw it ” Tarzan said "but I'm not 
sure what I saw. 1 ' 

"Symmetry breaking," Jane declared. 
“The perfectly symmetric state of the 
system is to hang vertically. When 1 
pump it, the system becomes unstable. 
Although in theory the unstable, sym¬ 
metric state can persist, you don’t ob¬ 
serve it in practice because any tiny 
random deviation tends to grow. Since 
the perfectly symmetric state can't oc¬ 
cur, then naturally the system has to 
do something else, which perforce has 
to be less symmetric." 

“I see,' 1 

“But, it's not totally asymmetric. Jim 
was swinging to and fro in a plane. If 
you think of that plane as a mirror, 
then his swing is symmetric under re¬ 
flection. That's an example of a stand¬ 
ing wave. And that's not all." She picked 
up the chimp, calmed him down with 
another banana and attached him to 
the vine again. “There's another type of 
oscillation that Jim can perform, too." 
She gave the ape a shove, and he swung 
in circles. “You might think this motion 
has circular symmetry, but that's not 
true. If you rotate the system through 
some angle, then it doesn't look exactly 
the same," 

“No, it r s like the walk in a mirror, it 's 
the same general kind of motion, but 
in a different place at a given time," 

“Right. What does that mean?” 

“The timing's wrong—of course. It's 
a phase shift again." 

“You've got it, Tarzan. Ef you rotate 
the system, and apply a suitable Lime 
delay, it looks exactly the same as be¬ 


fore. And in this case, the time delay is 
the same as the rotation, in the sense 
that a rotation of 0.4 of a turn needs a 
time delay of 0.4 of a period, and so 
on. It's called a rotating wave," 

“When the perfectly symmetric state 
becomes unstable," Tarzan reasoned, 
“The symmetry' can break to either a 
standing or a rotating wave. The stand¬ 
ing wave has a purely spatial symme¬ 
try—reflection in iis plane. The rotat¬ 
ing wave has a mixed spatio temporal 
symmetry." 

“That's it, exactly!” Tarzan beat his 
chest and howled triumphantly, while 
jane shook her head in disapproval. 
The ape-man's education still had some 
way to go. 

“But, the circular symmetry hasn't 
totally vanished, 11 Jane asserted, grab¬ 
bing the vine quickly and startling 
Jim, “Choose a vertical plane passing 
through the top of the vine," 

“In line with that tree over there," 
Tarzan answered, Jane pushed Jim to¬ 
wards it; the chimp oscillated to and 
fro in the plane that Tarzan had cho¬ 
sen. “Which planes will that work for?" 

“Any of them, I guess," replied the 
ape-man. “Provided they're vertical and 
run through the point where the vine 
runs over the branch," 

“Right. They're planes through the 
symmetry' axis. And how are those 
planes related?" 

“Hmmm. They're all rotations of one 
another. I see! Instead of having a sin¬ 
gle state of the system, unchanged by 
all rotations—that is, a fully symmetric 
state—you get lots of less symmetric 
states, all related to one another by 
rotations." 

“Exactly. The whole set of motions 
still has circular symmetry, in the sense 
that if you rotate any motion, you get 
another one in that set. The symmetry 
isn't so much broken as shared." 

At that moment a spotted yellow 
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Tarzan s central pattern generator 


beast shot across the clearing, roar¬ 
ing. It jumped on Tarzan. There was a 
brief scuffle, from which the ape-man 
emerged wearing a broad smile and 
cradling a large cheetah. “Look, Spot’s 
come to visit!” 

“Yes, and using what I judge to have 
been a transverse gallop," observed 
Jane, “which is one of the least sym¬ 
metric gaits." 

“What symmetry does it have?" 
asked Tarzan. 

“You can read it off from the phase 
shifts,” Jane responded. “In the trans¬ 
verse gallop, diagonally opposite legs 
are 0.5 out of phase. There’s also a 
curious phase lag of 0.1 between the 
front left and front right leg, which 
I’m not going to explain, except to 
say that it’s probably related to the 
efficient use of energy by the animal. 
The symmetry is this: interchange diag¬ 
onal pairs of legs and shift phase by 
half a period" [see illustration on pre¬ 
ceding page l 

“What kind of symmetry breaking 
could create that kind of motion?" Tar¬ 
zan wondered. But the setting sun was 
setting. They retired to their hut. 

The next morning Jane was roused 
by raucous screeching and chattering. 
Looking into the clearing, she saw Tar¬ 
zan and a pack of monkeys. Tarzan 
had rigged up a complicated network 
of vines between four trees [ see illus¬ 
tration above | and was try ing to use 
bananas to bribe some young chimps 
into clinging to the ends of four hang¬ 
ing vines. 

“It’s a model of what the biologists 


call a central pattern generator,” Tar¬ 
zan said happily. “Each chimp rep¬ 
resents a component of the animal’s 
neural circuitry that controls a leg. The 
vines are interconnections that couple 
the neurons together, so that they af¬ 
fect one another. The system’s dynam¬ 
ics controls the rhythms of the gait. 
Watch!” He gave one chimp a shove, 
and the animal began to swing; the 
impulses transmitted along the link¬ 
ing vines soon set the other chimps 
swinging in sympathy. A rather com¬ 
plex pattern was just setting in when 
one chimp jumped off to steal anoth¬ 
er’s banana. 

“Just a hardware problem," the ape- 
man explained. “Each network permits 
a whole range of oscillations. That’s 
why an animal can employ several dif¬ 
ferent gaits, depending on speed, ter¬ 
rain and so on. I can simulate most 
of the standard gaits using a square 
arrangement of vines. Oddly enough, 
the one that I can’t seem to reproduce 
is the four-legged walk. That’s a kind 
of figure-8 rotating wave, in which the 
front left, back right, front right and 
back left legs move in sequence, with 
0.25 phase lags. But I can simulate that 
if I rearrange the vines to make two of 
the side connections cross." 

“Let me see if I understand what 
you’re suggesting,” Jane said. “You’re 
looking at networks of coupled oscilla¬ 
tors and finding out what kinds of sym¬ 
metry breaking can occur. Then you *re 
trying to match the results with the ac¬ 
tual gaits, on the assumption that each 
leg is controlled by one oscillator.” 
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"Yes. Although each oscillator, as you 
call it, could be a complicated circuit in 
practice. And it works! Look,- suppose 
you want a bounding gait. Then you set 
the front two Tegs' moving together 
and at the same time”—he rushed to 
the other end of the clearing—“you set 
the other two legs going together, but 
G,5 out of phase. Of course, you can 
start the chimps swinging in any pat¬ 
tern you like, but only a few patterns 
persist for very long. The rest get all 
muddled. So 1 figure those are the natu¬ 
ral oscillation patterns of the network. 
It "s just as easy to get the trot, the pace 
and the pronk, 

"The two types of gallop aren't so 
much harder, but I'm having real trou¬ 
ble persuading these chimps to canter, 
I can tell you! Probably just need more 
bananas to fix the problems.” 

"Tarzan, that's really rather impres¬ 
sive—"Jane began, but the ape-man had 
dived into the bushes, shouting, "Bugs! 
It ought to w r ork for bugs too!” He re¬ 
appeared waving a green beetle, and 
placed it on a rock* After a hesitant 
start, the insect scuttled off. 

“Tripod gait," Jane observed. “Legs 
go together in threes, one triple be¬ 
ing 0.5 out of phase with the other* 
Nice symmetries." By evening Tarzan 
had rigged up a set of six vines linked 
in a hexagon, and six puzzled chimps 
were swinging in a tripod gait. Three 
chimps on one side swung 0.5 out of 
phase with three on the other. 

Just after sunrise the next day, jane 
awoke to the most appalling racket 
she’d ever heard* Peering outside, she 
saw Tarzan chopping down trees to 
make a track through the jungle. At 
one end of the track lay a huge pile of 
vines; at the other, a heap of bananas 
as large as their hut. Chimpanzees were 
charging around everywhere. 

She wondered why Tarzan would en¬ 
list the help of 100 chimps? The an¬ 
swer hit her like a pronking elephant: 
centipedes* 
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BOOKS 

A physicist’s life examined, how to look at 
satellite images, a well-loved submersible 



by Philip Morrison 


Chandra: A Biography of S. Chan- 
drasekhar, by Kameshwar C. Wali. 
University of Chicago Press, 1990 
($29,95), 

T his celebrated professor is white- 
haired now and a little frail at 80, 
elegant In appearance, graceful and 
gentle of gesture and speech, unfailing¬ 
ly meticulous (as well in making pan¬ 
cakes as in forming equations), match¬ 
less and prolific in sustained analysis, 
devoted alike to teaching and research. 
His mother described his qualities to 
her friends to justify her support of his 
leaving home, not yet 20, for study in 
England, Third child among 10, her 
brilliant and delightful eldest son, Su¬ 
brahmanyan, would be sorely missed 
by an ailing mother. That both grace 
and knowledge were so showered on 
him marked “only one in a million," 
she said. “He is born for the world, not 
for me. I can’t come in his way.... That 
is the single gift that a mother can 
give." Mother and son were never again 
to meet ; she died during his first year 
out of India, her gift to the world final. 

Professor Wall, himself an American 
physicist of Indian origin, was a young 


admirer of Chandra’s who became his 
friend. He does not try to appraise the 
abundant theoretical harvest but in¬ 
stead to portray the living man and his 
career. These pages muster no equa¬ 
tions; there are period photographs and 
memories and taped opinions gathered 
from the archives and from some 50 
interviews over a dozen years. We hear 
from colleagues and students and in 
particular from his wife, Lalitha, who 
graces another exceptionally talented 
and courageous Madras family. (The 
two met while both were teenage phys¬ 
ics students in Madras.) 

When young Chandra sailed off that 
July of 1930 to enter graduate study 
in Cambridge, he had with him on ship¬ 
board three standard texts and one 
new research paper of his own. That 
paper was a recalculation of the densi¬ 
ty of a white dwarf star, an improve¬ 
ment over the path-breaking estimate 
made by Professor Ralph H. Fowler, 
with whom he hoped to work, [t sud¬ 
denly occurred to the student that at 
those high densities relativity might be¬ 
come important. Once the sea turned 
smooth, he could w 7 ork out the conse¬ 
quences. They were revolutionary: what 


he found was the famous “Chandra¬ 
sekhar limit,” now known to be written 
in the sky in the masses of neutron 
stars, each one the cooled core of some 
awesome supernova. 

But the voyage among the astron¬ 
omers was not to turn smooth quick¬ 
ly. Sir Arthur Eddington, never private¬ 
ly unfriendly to the new student, lime 
after time humiliated him by publicly 
denying the reality of that limit. In vain 
Chandra extended and elaborated his 
calculations; in vain Paul Dirac and 
Wolfgang Pauli agreed that the limit 
was certainly right; in vain did Rudolf 
Petcrls publish a new derivation aimed 
squarely to refute the critique. Yet no 
one would stand up to contradict the 
authority of Sir Arthur, even though 
the young man’s theory was all but 
universally accepted. At the bottom 
was Eddington's uncritical identifica¬ 
tion with his own new “fundamental 
theory," Physicists had simply stopped 
taking him seriously, but they were not 
yet willing to proclaim their flaL dis¬ 
missal of the once great man. To this 
day, Chandra feels the injury to himself 
and the damage to science. The hurt 
came not from any animus on Edding¬ 
ton’s part but from his self-assured 
and “aristocratic view of science," by 
this time blurred into dream. 

Chandra’s was a remarkable family 
at a remarkable time and place. His 
father, a man of originality and firm¬ 
ness of character, w r as a civil servant of 
high rank and reputation; his mother 
lovingly served her household yet had 
found time to translate Ibsen’s A Doll's 
Home into Tamil. His lather’s some¬ 
what younger brother, C V. Raman, was 
an extraordinary experimental physicist 
who in 1930 w^as the first Indian scien¬ 
tist to earn the Nobel Prize. With the 
prize, Raman’s keen sense of his gen- 



CHANDRA at the ages of six, 23 and 73* 
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uine importance to Indian physics was 
heightened, culminating eventually in 
his establishing the Raman Institute. 
Soon after winning the prize, Uncle 
Raman offered his stellar nephew a 
position at the Indian Institute of Sci¬ 
ence in Bangalore, Chandra's father re¬ 
ceived a copy of that letter of invita¬ 
tion, His cable to an astronomical son 
was cry stalline: "MY ADVICE KEEP OFF 
HIS ORBIT." 

Chandra went off instead to the New 
World, in 1936 settling at Yerkes Ob¬ 
servatory of the University of Chicago. 
In Chicago he has remained, a glow in 
our astronomical sky, a leader of the¬ 
ory in a comprehensive style not ap¬ 
proached since Lord Rayleigh's day. 
Style has always been important to this 
scientist. He holds the beauty of log¬ 
ical form and language higher than do 
most physicists, opportunists all, 11 1 
practice style...not only just reading.., 
T. S. Eliot, Virginia Woolf, and Henry 
James, but also by paying attention to 
how.,.they construct sentences and,., 
paragraphs.” His is “a quest after per¬ 
spectives"; once he has gained a vicw r 
of his own, "I have the urge to pre¬ 
sent... a coherent account with order, 
form, and structure." That seamless¬ 
ness is not without its price, even given 
the heroic concentration that so distin¬ 
guishes the man. The world's fabric is 
close-knit, yet not every strand can be 
woven by the wisest of theorists; deep¬ 
er perspectives still may emerge from 
unexpected novelty. 

The bookshelves of most working as¬ 
trophysicists carry one or another of 
Chandra's half-dozen big monographs, 
his first on stellar structure in 1939, 
his latest in the 1980s on the mathe¬ 
matics of black holes. Each monograph 
sketches an architecture subfield by 
subfield. The long series of his linked 
research papers serves as well-carved 
masonry for those constructions. 

Chandra's devotion to public service 
is legendary, from his eager partici¬ 
pation as a new citizen in our national 
elections to the engaged editorship of 
our chief astronomical journal, where 
for a generation he touched every pa¬ 
per for the better. The tale is true that 
he drove back and forth 100 wintry 
miles each class day between die iso¬ 
lated observatory and the city campus 
to make sure he did not miss the dis¬ 
tant lectures for which only two grad¬ 
uate students had formally registered. 
(It does not spoil the story either to 
learn that those students were Chen- 
Ning Yang and Tsun-Dao Lee, two fu¬ 
ture Nobel laureates.) 

This modest and moving biography 
closes with an intimate, rather triste 
colloquy in which Chandra, in open dis¬ 


content with a science become so hasty 
and competitive, reflects that he still 
worries whether a paper he sends off 
will be accepted. For all his authority 
and renown, contentment has some¬ 
how escaped the scholar who for so 
long and so well sought the simple and 
the true, perhaps ultimately beyond 
reach. One wise physicist appraised 
Chandrasekhar in a way that helps us 
to understand and even to admire that 
touching discontent: "There is a kind 
of fineness about him,” both physically 
and philosophically, as there has been 
ever since childhood, then for a loving 
family and among admiring friends in 
Lahore and Madras. 


A GUIDE TO REMOTE SENSING: INTER¬ 
PRETING Images of the Earth, by 
Stephen A, Drury. Oxford University 
Press, 1990 ($85; paperbound, $39.95). 
The Earth—From Space: A Satel¬ 
lite View or the World, by Tom Van 
Sant and the Geosphere Project of San¬ 
ta Monica, Calif. Poster sheet in col¬ 
or, 24 by 36 inches. Spaceshots, Inc., 
1990 (P.O. Box 3430, Manhattan Beach, 
CA 90266; telephone orders: 1-BOO- 
272-2 779) (paper, $15; laminated, $20). 

O rbital images are commonplace 
marvels today. Many atlaslike vol¬ 
umes array fascinating images but fo¬ 
cus on w^hat is in the picture. This en¬ 
ticing book opens to the general reader 
a wide window on understanding the 
imaging process. Its author is a geol¬ 
ogist at the Open University in Milton 
Keynes, England, an experienced inter¬ 
preter of images and a first-rate teach¬ 
er, who seeks "to draw readers into 
using remote sensing" as every day it 
grows more relevant to global needs. 
We learn from this copious set of “aes¬ 
thetically compelling and intellectually 
stimulating pictures" not only what is 
to be seen hut even more how 7 to see it. 

Examples? One grayish image is dap¬ 
pled by small white spots. This is imag¬ 
ing radar, shuttle-borne over the plains 
of China's Yellow River. Each spot is 
a village, almost one for each square 
kilometer. In Minnesota it is not hard 
to find similar broad wheatlands but 
with only a single farmhouse, not one 
village, to each square mile. The Life of 
a billion Chinese on the farm begins to 
show from orbit. Why do those villag¬ 
es and their irrigation canals shine so 
brightly under radar illumination from 
the side? They abound in hard, angular 
surfaces; every' mud wall is a fine re¬ 
flector. A set of w r ell-made diagrams ex¬ 
plains the geometry beautifully. 

The usual false reds of vegetation are 
nicely explained; chlorophyll reflection 


peaks in the near infrared to keep the 
leaf's photosynthetic structures cool 
under the hot sun. Of course the leaf 
looks bright to a flying video camera 
sensitive in the IR. Code the IR in red, 
and you lose no other color informa¬ 
tion. The scheme was war-born T from 
the aerial photography of World War 
II; nearly the entire technology used 
in orbit has grown from military ori¬ 
gins. The military worldwide are still its 
main users; the smaller states are the 
eager purchasers of publicly available 
civilian products from the spacefaring 
powers. 

Look at the Shatt-al-Arab in 1977, 
carrying to the sea the merged waters 
of old Tigris and Euphrates. Here is 
the same scene in 1986; large artificial 
lakes and channels appear that served 
to delay the Iranian infantry' attack 
aimed at Basra city 7 . Iraqi hydrological 
engineering on large scale and its cov¬ 
erage from orbit are both likely to be 
even more notable during the 1990s. 

A test image shows a grating of lines, 
their contrast increasing toward the top 
of the picture, and die line space de¬ 
creases to the right. Your eye can pick 
out a particular grating space with low¬ 
er contrast than the eye requires for ei¬ 
ther wider or narrower line spacing. 
The computer can take the hint: replace 
each eight pixels by one that bears the 
average value of their brightness. Fine 
detail will fade away. Subtract that re¬ 
sult from the original numerical image; 
the new image will be all hard edges. 
Add it back into the original A step-by- 
step example is given. 

Numbers are versatile; perform by 
extension such tricks with any digital 
image, especially a set taken in multi¬ 
ple wavebands, and a complex subdivi¬ 
sion of any scene can be made. Find 
out "ground truth 1 ' at some particular 
place, the real vegetation or rock type 
or whatever it may be, ask the comput¬ 
er to link any near-matching rim of die 
pictorial digits in a single color, and 
you have the basis for detailed classifi¬ 
cation maps of any area. Farm crops 
are one example shown. It took only 
a week to map 1,000 square kilome¬ 
ters field by field. Even tonnage at a 
harvest yet to come can be estimated, 
given good records. 

There are ambidous plans for an In¬ 
ternational Space Stadon. They call for 
three or four large, long-lasting satel¬ 
lites, crossing the equator morning and 
noon, in near-polar orbits, able to dip 
low r every few years for service calls by 
astronauts. They would be crammed 
with systems to image down to 100- 
foot resolution, measure the height of 
sea and ice to an inch or so, find winds 
and snow and soil moisture, keep track 
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of chemical constituents of the air, 
even use laser ranging to track tectonic 
plate motion. What maps we will one 
day see! 

The piper must be paid. It is true 
that military intelligence spends plen¬ 
ty of money now on those real-time 
Keyholes with their six-inch resolution. 
The reassurances of strategic change 
and the wars on a smaller scale that 
now frighten us may or may not give 
way to a millennial dividend of data 
as the cold war fades. Privatized, our 
costly Landsat no longer offers the con¬ 
cessionary prices that were once Amer¬ 
ican policy. SPOT-IMAGE of Toulouse 
is even more “businesslike," getting 
nine times Landsat’s price per scene. 
Nor can you publish or exchange SPOT 
data without paying serious royalties— 
“one reason why there are so few in 
this book." Military' users and well- 
heeled multinationals after oil, miner¬ 
als and news now form the ready mar¬ 
ket. The foresight of the government of 
India with its own Insat has put it into 
a better position, and that strategy 
may attract others. Workstations are 
everywhere and getting cheaper. Hope 
is in orbit; the International Space Sta¬ 
tion, “if it flies," offers “breathtaking 
possibilities.” 

Tom Van Sant, an artist of earth and 
sky, has just published with a comput¬ 
er-wise partner, Lloyd Van Warren, their 
remotely viewed physical map of the 
world, an assemblage of images made 
by TIROS multiband cameras 520 miles 
up. By painstaking eye-on-screen selec¬ 
tion among alternative pixels on file, 
they compiled the first perfected photo¬ 
graph of our whole planet, everywhere 
on earth a cloudless summer day, al¬ 
though snowcaps glisten white on al¬ 
pine heights. Offshore from the great 
deltas silt plumes stain the seas. Fields 
and forests are green, deserts brown, 
oceans blue. Here our world poses, 
quite still, yet sharply alive, rendered 
at four-kilometer resolution in just 32 
million pixels. 


Water Baby: The Story of Alvin, by 
Victoria A. Kaharl. Oxford University 
Press, 1990(521.95). 

T his water baby is the Deep Sea Re¬ 
search Vessel Alvin out of Woods 
Hole, an endearing knobbly fiberglass 
tub weighing 18 tons in air, on its top 
a red conning tower like an oversized 
Coke tin. That blunt bow is fitted with 
sonar, big sample basket, and a bright 
light. The sub was launched in 1964— 
though by now little but design conti¬ 
nuity remains from that old Alvin —and 
has for more than 2,000 times taken 


pilot and two passengers—scientists, 
trainees, even television performers—a 
couple of miles down for a long work¬ 
day and up again. Kaharl, a science 
writer in residence at the Woods Hole 
Oceanographic Institution, has pored 
over the logs and the reports and the 
piles of recorded tapes, talked to and 
worked alongside the sub’s devoted 
people of every disposition and talent, 
dived herself, a little frightened, and 
come up with an intimate chronicle of 
25 years. 

At the center lies perfection. It is the 
seven-foot passenger sphere in which 
the crew can live at surface pressure. 
That sphere symmetrically bears its 
fierce load; one test sphere did not im¬ 
plode during a whole week at 20,000 
feet equivalent. (Once, under stress, 
the big testing tank exploded instead, 
throwing its 20-ton lid high in the air 
while the engineers ran. The lid in a 
matching Platonic symmetry’ fell back 
into place, shoving the whole tank three 
feet down into the ground.) That first 
sphere was of alloy steel; a photograph 
shows the proud welders at work in 
Houston, fusing its two hemispheres. 
“She sure looks purdy,” the supervisor 
wrote on the photograph. The current 
sub has a two-inch welded titanium 
sphere made in the 1970s, stronger 
than steel and much lighter. 

Ours is not Plato's world, but con¬ 
spicuously imperfect on land or sea. 
The real sphere has big holes for the 
hatch and the four thick acrylic plas¬ 
tic portholes. It nests into that tub¬ 
by outer hull where dwell the ballast 
pump, the steel weights to be released 
magnetically for sure lift, the big lead- 
acid batteries, and built-in buoyancy 
in smaller empty titanium spheres and 
in plastic foam. Power has to enter, 
and control signals must leave the pas¬ 
senger space; what spherical purity re¬ 
mains vanishes with the penetrators, 
a dozen little tapered sealing tubes of 
titanium that lead all the wires through 
holes in the strong shell. “Some pilots... 
believe that if anything is going to kill 
them, it will be a failed penetrator”; 
the steel-hard high-pressure jet of sea¬ 
water that would enter could easily 
decapitate. 

But design alone does not rule this 
world of action. Crew chief George Bro- 
derson, virtuoso mechanic, unfailingly 
theatrical and a man long head over 
heels in love with his submersible, 
tightened the new penetrator nuts him¬ 
self. “What felt right to him was get¬ 
ting those suckers just as tight as he 
could...whacking the wrench with a 
sledgehammer.” Asked by the brass for 
the torque setting he used, he “gravely 
intoned 125 foot-pounds, sir” That re- 
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mains the standard because it works, 
although the more anxious members of 
the corps of phots stOI steadily taste 
for saltiness rhe condensate that drips 
blandly from the cold inner ends of the 
penetrators. 

A submersible for the oceanogra¬ 
phers was publicly proposed by Allyn 
Vine of WHO! in 1956; his steady advo¬ 
cacy found a listening ear in the Office 
of Naval Research. Alvin was named 
for him, and the first of its mother 
ships, the wonderful if snail-slow im¬ 
provised catamaran that cradled Ahin 
afloat for more than a decade, w^as 
named for Vine's mother, Lulu. At sea 
most of the crew lived in Lulu's near¬ 
ly submerged starboard stee! pontoon; 
they called it the Tube of Doom. In 
just such an insider's vein the detailed 
narrative continues, a wide-ranging and 
good-humored story of a couple of 
thousand leagues deep under the sea 
at half-knot speed. The struggles of re¬ 
search funding and priority are here, 
no less than how three passengers, 
male and female, can tactfully manage 
to urinate inside that seven-foot sphere 
chock-full of electronics. (The first fe¬ 
male pilot is as well the first among the 
20-odd certified pilots to be a trained 
scientific oceanographer,) 

The exploits of Alvin are both well 
sung and well explained. The sub 
gained credibility first when it found 
the H-bomb that SAC (Strategic Air 
Command) lost into the sea just off 
the Spanish coast. With its French kin, 
Alvin prowled the Mid-Atlantic Ridge, 
field geology done on the ocean floor 
for the first time. One windy morning a 
cable broke as the sub was being un¬ 
cradled only a day’s sail out of Woods 
Hole, and Alvin sunk, wave-swamped 
through the open hatch; the crew es¬ 
caped—barely. They found and fished 
her up at last, again with help from 
a big aluminum friend; the bologna 
sandwich that came up fresh after 10 
months is famous. Bacteria work slow¬ 
ly down there in the cold; the deep sea 
is no place to dispose of garbage. 

Diving to the Titanic is the most pop¬ 
ular of Alvin stories, as her marvelous 
discovery of hot-water seafloor vents 
and their vigorous life is the most im¬ 
portant. The knowing author avoids 
the familiar overstatement of the inde¬ 
pendence of that submarine life from 
the sun; the molecular oxygen down 
there, plainly essential to aU those red- 
blooded clams, is photosynthetic in ori¬ 
gin. Only here and there along the rifts 
do some microorganisms thrive free of 
all oxygenic or carbonaceous debt to 
solar energy. Perhaps in the very begin¬ 
ning, microlife itself began at some an¬ 
cient vent. 
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ESSAY 

America’s 
green strategy 



by Michael E. Porter 


D o strict environmental standards 
make American industry’ less 
competitive in international mar¬ 
kets? Many observers answer yes. Rich¬ 
ard Damian, director of the Office of 
Management and Budget, has quipped 
that “Americans did not fight and win 
the wars of the 20th century to make 
the world safe for green vegetables.” 

The conflict between environmental 
protection and economic competitive¬ 
ness is a false dichotomy. It stems from 
a narrow view of the sources of pros¬ 
perity'' and a static view of competition. 

Strict environmental regulations do 
not inevitably hinder competitive ad¬ 
vantage against foreign rivals; indeed, 
they often enhance it. Tough standards 
trigger innovation and upgrading. In 
my book The Competitive Advantage of 
Nations, I found that the nations with 
the most rigorous requirements often 
lead in exports of affected products. 

.Al though the U.S. once clearly led 
in setting standards, that position has 
been slipping away. Until the passage 
of the Clean .Air Act in 1990, itself the 
result of 12 years of foot-dragging. Con¬ 
gress had passed little environmental 
legislation since the mid-1970s. Today 
the U.S. remains the only industrialized 
country without a policy on carbon di¬ 
oxide, and our leadership in setting en¬ 
vironmental standards has been lost in 
many areas. Even Japan, a nation many 
think of as relatively unconcerned about 
the environment, has moved ahead of 
the U.S. in important fields. Japan’s NO v 
emission standards for vehicles are sig¬ 
nificantly more stringent than those in 
the U.S. and Europe; its stationary S(\ 
and NO x standards are set in terms of 
rigorous daily (versus yearly! average 
hourly emissions. 

As other nations have pushed ahead, 
U.S. trade has suffered. Germany has 
had perhaps the world's tightest regu¬ 
lations in stationary’ air-pollution con¬ 
trol, and German companies appear 
to hold a wide lead in patenting—and 
exporting—air-pollution and other en¬ 


vironmental technologies. As much as 
70 percent of the air pollution-control 
equipment sold in the U.S. today is pro¬ 
duced by foreign companies. Britain is 
another case in point. As its environ¬ 
mental standards have lagged, Britain's 
ratio of exports to imports in environ¬ 
mental technology has fallen from 8:1 
to 1:1 over the past decade. 

In contrast, the U.S. leads in those ar¬ 
eas in which its regulations have been 
the strictest, such as pesticides and the 
remediation of environmental damage. 
Such leads should be treasured and 
extended. Environmental protection is 
a universal need, an area of growing 
expenditure in all the major national 
economies ($50 billion a year in Europe 
alone) and a major export industry. 
Without competitive technology, Ameri¬ 
ca will not only forsake a growth indus¬ 
try, but more and more of our own envi¬ 
ronmental spending will go to imports. 

Even in the broader economy, strict 
environmental codes may actually fos¬ 
ter competitiveness. Exacting standards 
seem at first blush to raise costs and 
make firms less competitive, particular¬ 
ly if competitors arc from nations with 
fewer regulations. Tills may be true if 
everything stays die same except that 
expensive pollution-control equipment 
is added. 

But every'riling will not stay the same. 
Properly constructed regulatory stan¬ 
dards, which aim at outcomes and not 
methods, will encourage companies To 
re-engineer their technology. The result 
in many cases is a process that not 
only pollutes less but lowers costs 
or improves quality'. Processes will be 
modified to decrease use of scarce or 
toxic resources and to recycle wasted 
by-products. The 3M Company, for ex¬ 
ample, estimates that its “Pollution Pre¬ 
vention Pays” program has saved $482 
million since 1975, while eliminating 
more than 500,000 tons of waste and 
pollutants, and has saved another $650 
million by conserving energy. 

Stria product regulations can also 
prod companies into innovating to pro¬ 
duce less polluting or more resource-ef¬ 
ficient products that will be highly val¬ 
ued internationally. As a result of the 
U.S. proposed phaseout of chlorofluo- 
rocarbons (CFCs), for example, Du Pont 
and other American firms are pioneers 
in finding substitutes. 

This is not to say that all compa¬ 
nies will be happy about tough regula¬ 
tions: increased short-term costs and 
the need to redesign products and pro¬ 
cesses are unsettling at the least. The 
aversion to tough standards will be par¬ 
ticularly strong in industries that feel 
threatened by international competi¬ 
tion, as is too often the case in America 


today. The auto industry; for example, 
has been fighting mandates to improve 
fuel efficiency’, even though meeting 
them could stimulate innovations that 
made products more competitive. 

The strongest proof that environmen¬ 
tal protection does not hamper compet¬ 
itiveness is The economic performance 
of nations with the strictest law’s. Both 
Germany and Japan have tough regu¬ 
lations, and both countries continue to 
surpass the U.S. in GNP growth rates 
and rates of productivity growth, ja¬ 
pan has become a world leader in de¬ 
veloping pollution-control equipment 
and cleaner, more efficient processes. It 
is noteworthy that in America many 
of the sectors subject to the great¬ 
est environmental costs have improved 
their international trade performance, 
among them chemicals, plastics, syn¬ 
thetics, fabrics and paints. 

Turning environmental concern into 
competitive advantage demands that 
we establish the right kind of regula¬ 
tions. They must stress pollution pre¬ 
vention rather than merely abatement 
or cleanup. They must not constrain the 
technology used to achieve them, or 
else innovation will be stifled. And stan¬ 
dards must be sensitive to the costs in¬ 
volved and use market incentives to 
contain them. 

Because U.S. environmental regula¬ 
tions have traditionally violated these 
principles, the substantial amount we 
spend on protecting the environment 
has not yielded the benefits it could 
have. In the 1970s, for example, am¬ 
bient air-quality standards encouraged 
tall smokestacks, some as high as 800 
feet, w r hich exported pollution some¬ 
where else instead of reducing it. Even 
today most standards are met with end- 
of-pipe technology; where equipment is 
simply added to the end of a process. 

The resurgence of concern for the en¬ 
vironment, then, should be viewed not 
with alarm but as an important step 
In regaining .America's preeminence in 
environmental technology. The Environ¬ 
mental Protection Agency must see its 
mandate as stimulating investment and 
innovation, not just setting limits. 

In companies, the “Chicken Little” 
mind set that regulation inevitably leads 
to costs and an adversarial posture 
toward regulators must be discarded. 
Environmental protection can benefit 
America’s competitiveness if we simply 
approach it properly. 


MICHAEL E. PORTER is a professor at 
the Harvard Business School and leads 
Lhe school's Competition and Strategy 
group. 
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